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ZO-2 is a cytoplasmic scaffolding protein associated with the tight junction (TJ). Together 
with ZO-1 and ZO-3, they form the TJ plaque and function to bridge the integral TJ proteins 
to the underlying actin cytoskeleton. Over the years, the roles of TJ have expanded from that 
of paracellular permeability barriers to include the regulation of cell proliferation and 
differentiation. ZO-2 can shuttle in and out of the cell nucleus depending on the state of cell-
cell contact and environmental stress. This is supported by the presence of NLS and NES as 
well as its association with nuclear proteins and nucleic acid binding proteins.  
 
To identify novel proteins interacting with ZO-2, a yeast two hybrid screen was carried out, 
using the ZO-2 SGA domain as bait, which yielded Slug as a potential interacting partner. 
Their interaction was verified by immunoprecipitation, immunofluorescence, GST-fusion 
protein binding assays and was mapped to the GUK domain in ZO-2 and a tryptophan 
residue in the third zinc finger of Slug. This interaction appeared to be ZO-2 specific, since 
Slug did not interact with either ZO-1 or 3.  As the tryptophan residue in Slug was found 
conserved in Snail, it too was found to bind ZO-2.  
 
Like Snail, Slug was found to be a highly unstable protein. In MDCK cells, Slug expression 
could only be detected at the mRNA level but not at the protein level. It turned out that Slug, 
like its counterpart Snail, was rapidly degraded via the GSK3β-proteasome pathway and that 
this can be inhibited by the use of both GSK3β and proteasome inhibitors.  
 
Slug is a transcription factor with two nuclear localization signals, one nuclear export signal 
and five zinc fingers with varying importance for nuclear retention. The NES was shown to 
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be functional based on its sensitivity to Leptomycin B, while the functionality of its NLSs 
was based on their varying binding affinities for different importins. Other than these NES 
and NLSs, the subcellular distribution of Slug can be modulated by its interaction with other 
proteins such as ZO-2. Indeed GFP-Slug could be delocalized to cytosolic vesicles by a 
membrane targeting fragment of ZO-2, while nuclear targeting fragment of ZO-2 was found 
to increase the amount of GFP-Slug in the nucleus. This effect was not seen with either the 
Slug mutant GFP-W199A, that has lost its ability to bind ZO-2, or the GFP control. 
 
Next the endogenous distribution of Slug and ZO-2 was studied in cultures of sparse and 
confluent MDCK cells where they were found to co-localize in the nucleus of sparsely 
seeded cells. In addition, Slug was also detected in wounded cell monolayers where it co-
localized with ZO-2 in the nucleus of cells at the wound edge. This was reaffirmed by 
Western analysis which showed an increase of endogenous Slug in the nuclear fraction when 
an MDCK cell monolayer was scratched.  
 
Slug expression induced Cyclin D1 expression. This was supported by the higher 
proliferation rate determined by a WST-1 based proliferation assay and the larger GFP-Slug 
cysts that formed in 3D matrigel, whilst the absence of a typical hollow lumen, supported its 
role in delaying and preventing apoptosis. As the above effects were not observed in the Slug 
mutant, GFP-W199A, which differed from GFP-Slug by its inability to bind ZO-2, due to a 
single amino acid substitution, the involvement of ZO-2 in the process was suspected. 
Indeed, ZO-2 was found to decrease Cyclin D1 expression but this effect can be counteracted 
by the over-expression of Slug. Furthermore, when ZO-2 was knocked down by specific 
siRNA, the proliferation rate of GFP-Slug stable transfectants was further elevated whilst 
those of GFP-W199A and GFP stable transfectants were unaffected and remained low. 
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In conclusion, we postulate that Slug is protected at the protein level by nuclear ZO-2 from 
proteasomal degradation. During early stages of EMT (Epithelial to Mesenchymal 
Transition), exemplified by the process of wound healing, translocation of ZO-2 may 
sequester Slug into the nucleus which would then trigger a full or partial EMT to enhance 
migratory properties of cells by down regulating epithelial markers. Furthermore, Slug may 
modulate the proliferative capacity of cells by counteracting the repressive effects of ZO-2 on 
Cyclin D1, thus driving the cells through the cell cycle. Together they act in synergy to 





















1.1: The Epithelium  
Multicellular organisms are characterized by having specialized cells (epithelial and 
endothelial cells) that line organs and body cavities to form barriers between serosal and 
lumenal milieu or between different compartments of tissues and organs. These specialized 
cells are polarized to form an apical (part of the plasma membrane that forms the lumenal 
surface of a polarized cell) and a basolateral domain (part of the plasma membrane that forms 
the basal and lateral surfaces of a polarized cell, distinct from the apical membrane surface), 
and they adhere to each other tightly through what is termed the epithelial junctional 





Fig. 1.1 Distribution of epithelial layers In multicellular organisms, specialized 
cells line and form selective barriers on the outside and on the inside of body cavities, 
ducts and lumen, as exemplified here by the skin, stomach and the kidney tubules. 
(Adapted from Progress in Histochemistry and Cytochemistry 42 (2007) 1–57)  
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1.2: Epithelial Junctional Complex 
The verterbrate epithelial junctional complex comprises the tight junctions (TJ), adherens 
junctions (AJ), desmosomes and gap junctions. The tight junctions are found at the apical end 
of the lateral membrane, control the paracellular diffusion of water, solutes and immune cells 
(gate function) and restrict the apical-basolateral diffusion of integral membrane proteins 
(fence function). The adherens junctions are found beneath the tight junction and mediate 
cell-cell adhesion. Desmosomes are distributed over the entire lateral membrane and 
participate in cell-cell adhesion.  TJs and AJs are linked to actin cytoskeleton while 
desmosomes are linked to intermediate filaments. Gap junctions form intercellular pores that 






Fig. 1.2 Epithelial Junctional Complex Schematic representation of a vertebrate 
junctional complex consisting of  tight junctions as well as the two transport routes 
for ions and molecules to transverse an epithelial monolayer, namely the transcellular 
and the paracellular pathways. The former is controlled by pumps, channels and co-
transporters while the latter is controlled by the tight junctions. (Adapted from 
Advanced Drug Delivery Reviews 57 (2005) 111 – 121) and (Progress in 
Histochemistry and Cytochemistry 42 (2007) 1–57)) 
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1.3: Tight Junctions 
The TJ architecture allows for its function as a fence that blocks free distribution of outer 
leaflet lipids and proteins between the apical to the basolateral surfaces of the plasma 
membrane and vice-versa, and as a gate that regulates the paracellular passage of ions and 
other solutes. This allows epithelial cells to maintain a polarized distribution of proteins in 
their plasma membrane to permit the vectorial transport of ions and molecules across 
epithelial sheets. However, TJs may not be as tight as their name would suggest since the 
magnitude of the paracellular flux differs widely among the different epithelial layers.  
 
TJs are regarded as a complex array of integral and peripheral proteins that control the 
paracellular flux and serve as recruiting centers for signaling molecules as well as 
sequestering points for transcription factors depending on the proliferative or differentiation 
state of epithelial cells. The latter role as an outpost for gathering and responding to external 
signals is just starting to emerge. This new insight came amidst an effort to dissect the 
components that make up the tight junction. A recent proteomics approach to analyze the TJ 
plaque identified over 912 protein components, which can be grouped as cytoskeletal 
proteins or proteins involved in cell adhesion, cell signaling, vesicular trafficking, cell 
growth, cell migration as well as transcription and translation factors [1]. Hence we are still 
in the early stages of understanding the full molecular complexity and in uncovering the 








Fig. 1.3a Visualizing Tight 
Junctions Schematic representations 
of TJs as observed by electron 
microscopy of ultra thin sections or 
freeze-fracture replica electron 
microscopy: A) TJs seal adjacent cells 
in simple epithelia. B) Ultra thin section 
electron microscopy shows several 
kissing points at intervals along the 
vertical section of typical TJs, where the 
distance of adjacent plasma membranes 
appears to be almost zero. C) A freeze-
fracture replica of TJs shows continuous 
particles forming anastomosing TJ-
strands. (Adapted from Journal of 










Fig. 1.3b Multiple functions of tight-
junction strands. 
The extracellular portion of the tight 
junction serves as a ziplock with varying 
permeability (barrier function). The 
cytoplasmic portion of tight junction acts as 
a magnetic bar attracting various proteins 
containing the PDZ domains (an acronym of 
3 proteins: PSD-95, Dlg-A and ZO-1) 
(signalling function). In addition, the tight 
junction strands function as a ‘fence’ at the 
plasma membranes to establish apical and 































Fig. 1.3c Organization of simple columnar epithelia. (A) Epithelial cells attach to neighbouring 
cells via the apical junctional complex (TJs, purple rectangles, AJs green rectangles and 
desmosomes, yellow rectangles). Attachment to the basement membrane is mediated by focal 
contacts (blue rectangles). TJs contribute to the maintenance of the distinct composition of the 
apical (red) and basolateral (blue) plasma membrane domains. Such arrangements of adhesion 
contacts give rise to three surfaces, namely a free apical that borders the lumen, a lateral surface 
that adheres to neighbouring cells and a basal surface that adheres to the ECM (extracellular 
matrix). The TJs and AJs that make up the apical junctional complexes are linked to F-actin. 
Desmosomes, on the other hand, are linked to intermediate filaments. (B) Composition of TJs and 
AJs. TJs are composed of transmembrane proteins (for example occludin, claudins, and JAMs) 
that are linked to the actin cytoskeleton via cytoplasmic ZO proteins. AJs are composed of the 
nectin–afadin system and the E-cadherin–catenin system. Nectins interact with afadin (pink oval), 
which associates with ZOs via an unknown protein X, and with α-catenin via an unknown protein 
Y. E-Cadherin interacting partner, β-catenin, binds to α-catenin. Thus, TJs and AJs may be 
closely associated to form the apical junctional complex and linked to the actin cytoskeleton 
network by the ability of afadin to interact with ZO proteins and α-catenin. (Adapted from 
Advanced Drug Delivery Reviews 57 (2005) 815– 855) 
 
1.4: MAGUK 
The first protein that was found to be specifically localized to the TJ was Zonula Occludens 1 
(ZO-1) [2]. This was followed by the discovery of ZO-2 and ZO-3.  ZO-1 was found to share 
homology with lethal discs-large (dlg) tumor suppressor of Drosophila septate junction and 
the postsynaptic density protein (PSD-95/SAP-90) in neurons. Together they belong to the 
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MAGUK family of proteins. The modules that are shared among members of the MAGUK 
family are the PDZ, SH3 and GUK domains. 
 
Fig. 1.4 PDZ-containing proteins found at the TJ. PDZ domains are shown as ovals while 
the all other domains are shown as boxes. Intermolecular associations with other TJ and 
cytoskeletal proteins are indicated with brackets. (Adapted from Progress in Biophysics & 
Molecular Biology 81 (2003) 1–44) 
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1.4.1: Domains of MAGUK proteins 
1.4.1.1: The PDZ domain 
PDZ is an acronym of 3 proteins (PSD-95, Dlg-A and ZO-1) in which this domain was 
originally identified. These modules are 80-90 amino acids long, can either occur in single or 
as multiple copies and serve as protein-binding modules. PDZ domains are known to bind 
either short C-terminal amino acid sequences (PDZ-binding motifs) or interact with other 
PDZ domains to form dimers or intermolecular scaffold networks [3, 4]. Thereby, they 
anchor integral membrane proteins like channels, adhesion proteins and transmembrane 
receptors to the cytokeleton and couple them to downstream signaling elements to form 
transducisomes [4].  
 
Claudins, but not occludin, are thought to form the backbone of TJ strands [5] and it is the 
PDZ 1 domain of the ZOs that binds to the COOH terminal YV sequence of claudins [6]. 
ZO-1 can also localize to the gap junctions through binding of its PDZ2 domain to the 
carboxyl-terminus of the cytoplasmic domain of connexin 43 [7, 8]. ZO-1 can bind ZO-2 or 
ZO-3 directly through their second PDZ domains [9]. ZO-2 and ZO-3 do not bind to each 
other [6, 10-12]. Hence the three ZOs do not form a trimer, but form ZO-1/ZO-2 or ZO-
1/ZO-3 heterodimers instead.  
 
1.4.1.2: The SH3 domain 
SH3 domains are 55-70 amino acid modules, with homolgy to the v-Src protein, that mediate 
protein-protein interactions [13]. The SH3 domain has been shown to couple substrates to 
enzymes and to target proteins to specific subcellular domains. SH3 ligands are at least 7 
residues in length and contain, in most cases, PXXP sequences. However, intra and 
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intermolecular interactions between SH3 and GUK have been reported to form via a 
mechanism that is independent of this proline rich recognition sequence [14]. 
 
1.4.1.3: The GUK domain 
GUK domains are modules homologous to guanylate kinase, an enzyme that catalyzes 
conversion of GMP to GDP using ATP. Nevertheless, MAGUK proteins lack the amino 
acids critical for nucleotide binding and catalysis, hence their GUK domains are presumed to 
be enzymatically inactive [12, 15]. They can however mediate protein-protein interactions 
[16-19], for instance the GUK of PSD95 (also termed SAP90) can bind neuronal proteins 
such as GKAP, short for guanylate kinase-associated
 
protein, also termed SAPAP or DAP, 
[16, 20, 21] and BEGAIN, short for brain-enriched guanylate kinase-associated protein [17]. 
The GUK domain can also associate with SH3 domains to form intra- [22] or intermolecular 
interactions. In the case of PSD95, both intra- and intermolecular associations between the 
GUK and SH3 domains have been observed, but it is the former that predominates [14]. 
Besides the formation of homodimers, GUK-SH3 binding can generate heterodimers, for 
example the GUK of PSD95 can bind to the SH3 domain of NE-dlg, a MAGUK protein 
expressed in neuronal and endocrine tissue [18]. Another example is the interaction of the 
GUK of CASK (another MAGUK protein) with the SH3 of Dlg [23]. These GUK-SH3 
interactions are unusual in that these GUK domains lack the PXXP sequences which SH3 
domains normally associate with [24]. In addition, the binding does not involve the canonical 
peptide binding sites of SH3 but is dependent on a hinge region located between the SH3 and 
GUK domains [25]. In the case of ZO-1, its hinge region and the GUK domain can bind to 
the C-terminus of occludin [10, 26] and targets it to the TJs [27-29]. Likewise these same 
domains of ZO-1 can also bind α-catenin at the AJs, hence ZO-1 can associates with  α-
catenin at the AJs and occludin at the TJs [30]. It is now believed that the hinge region is 
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responsible for modulating inter versus intra molecular associations between SH3 and GUK. 
Under normal circumstances, the intramolecular binding of SH3 and GUK is favored but 
binding of unknown factors to the hinge region will promote the binding of SH3 and GUK 
modules in different molecules giving rise to either homodimers and/or heterodimers [25].  
 
1.4.1.4: The Carboxy-termianl Region of ZO proteins 
The carboxyl-terminal region includes an acidic and sometimes proline-rich domain. The 
region varies widely in length and composition, even in alternative splicing domains among 
the various ZOs. Hence it maybe responsible for any unique functions the various ZOs 
exhibit at the TJs.  
 
A C-terminal PXXP motif in ZO-1 can interact with the SH3 domain of cortactin [31]. In 
addition, the ZOs can interact with F-actin [10, 32, 33] through their carboxyl region, without 
exerting capping or cross-linking activities [32]. As such, they tether the transmembrane 
proteins of the TJs to the actin cytoskeleton. ZO-1 and ZO-2 are both capable of binding 
actin binding protein 4.1 [34], while ZO-1 can form a complex with fodrin as well, all 
through their carboxyl terminal tails [35].  
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Fig. 1.5a TJ as a scaffolding and signalling center. Proteins present in the cytoplasmic 
region of TJ including PDZ proteins (ZO-1, ZO-2, ZO-3, PAR-3, PAR-6, MUPP1, MAGIs 
and AF-6), kinases (aPKC, ZAK, c-Yes), GEFs (Tiam1, GEF-H1, Tuba, Rap1GEF) and 
membrane traffic regulators (Rab3B and Rab13). Some of these proteins interact with TJ 
membrane proteins (JAM/ESAM/CAR, claudins and occludin). The structural and/or 
functional interaction of cytoplasmic TJ proteins with signalling proteins is indicated by 
dotted arrows. Arrows directed to the nucleus are linked to proteins that have been shown to 
have dual nuclear/junctional localization (PAR-3, PAR-6, ASH1, ZO-1, ZO-2, ZONAB, 
symplekin, ubinuclein). 




Fig. 1.5b Schematic representation of the tight junction. Shown are the integral membrane 
proteins (JAM, CAR, claudins and occludin) and cytoplasmic proteins, which include 
adaptors such as ZO-1, ZO-2, ZO-3, PAR-3/6 and MAGIs, as well as regulatory and 
signaling molecules. (Adapted from Advanced Drug Delivery Reviews 57 (2005) 111–121) 
 
1.5: Zonula Occludens proteins 
1.5.1: ZO-1 
ZO-1 (220 kDa) was the first TJ protein to be identified through monoclonal antibodies 
raised against a preparation of liver membranes [2]. Besides its presence at TJs, it is also 
transiently associated with AJs during the establishment of cell-cell adhesion, and with the 
gap junctions during the trafficking of connexins. The associations with AJs and gap 
junctions are mediated by the interaction of ZO-1 with α-catenin. α-catenin interacts with E-
cadherin and certain connexins which are transmembrane components of AJs and gap 
junctions respectively [7, 8, 33, 36]. ZO-1 can also associate directly with connexins and may 
play a role in connexon assembly, targeting and/or stability [37].  
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ZO-1 may be found in the nuclei of subconfluent epithelial cells and those at the edge of a 
wounded monolayer [38]. ZO-1 has two nuclear localization signals at the PDZ1 and GUK 
domains [39]. Together they hint of ZO-1 playing a role in transcription regulation. Indeed, 
the junction signaling system based on β-catenin, which activates T-cell factor/Lef-mediated 
transcription in response to Wnt growth factors [40, 41], may be influenced by ZO-1, given 
that ZO-1 can bind to α-catenin, which is a binding partner of β-catenin. In breast cancer cell 
lines lacking Occludin, ZO-1 shows a cytoplasmic localization and this correlates with an up 
regulation of the β-catenin-T-cell factor/Lef-mediated transcription [42, 43]. In another study, 
the SH3 domain of ZO-1 was found to bind the Y-box transcription factor ZONAB (also 
termed sy3/DbpA) and sequester it to the TJs of confluent MDCK cell monolayers [44]. The 
G1/S-phase regulator CDK4, which binds ZONAB, is also sequestered along to the TJ, hence 
affecting the progress of the cell cycle [44]. This cytoplasmic sequestering of ZONAB also 
leads to the up regulation of ErbB-2, a growth factor co-receptor that is otherwise suppressed 
by nuclear ZONAB. These findings suggested the ability of ZO-1 to control the level of 
ErbB-2 by reguating the subcellular distribution of ZONAB [44]. Thus ZO-1 can play roles 
in regulating gene expression, proliferation and differentiation, in additon to the maintainence 
of tight junction functionality.  
 
1.5.2: ZO-2 
ZO-2 (160 KDa) was identified as a binding protein that co-immunoprecipitated with ZO-1 
[45]. ZO-2 has a domain organization similar to ZO-1 with the exception of a shorter and less 
conserved C-terminal region [46, 47]. ZO-2 is present in the TJs of both epithelial and 
endothelial cells and in AJs of non-epithelial cells like cardiac muscle cells and fibroblasts, 
which lack TJs [11]. Like ZO-1, ZO-2 binds claudins via its PDZ 1 domain, ZOs and 
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connexins through its PDZ 2 domain, actin through its C-terminal region, as well as occludin 
and α-catenin through its central region comprising of SH3 and GUK domains [6, 11, 32].  
 
It was shown that ZO-2 could shuttle between the nucleus and cytoplasm [48]. ZO-2 is a 
large protein of 160 KDa that exceeds the size limit of 40-60 kDa for passive diffusion across 
nuclear pores. Hence, transport of ZO-2 across nuclear pores is an active process that requires 
the presence of several NLSs (nuclear localization signals) and NESs (nuclear export 
sequences). ZO-2 has been observed to accumulate in the nuclei of sparse or  mechanically 
wounded cell monolayers, with the protein localizing to TJs once the cell monolayers acquire 
confluency [48]. In addition, ZO-2 has been found to interact with several transcription 
factors, including Jun, Fos and CCAAT/enhancer-binding protein [49] and more recently c-
myc [50].  
 
1.5.3: ZO-3 
ZO-3 is a 130 kDa protein, with no alternative splice variants [12] that co-
immunoprecipitates with ZO-1 [9]. It is the only ZO protein that is specifically expressed in 
TJ bearing epithelia, unlike ZO-1 and ZO-2 which are also associated with cadherin-based 
junctions in non-epithelial cells [51, 52]. ZO-3 has two NLSs and its C-terminal domain 
differs significantly from the other two ZO proteins in that the proline rich region is absent 
and located between PDZ2 and PDZ3 (see figure 1.4). This region contains 3 potential SH3 






1.6: The Roles of Zonula Occludens 2   
1.6.1: Roles of ZO-2 in the nucleus 
The study of the role of ZOs in the nucleus dates back to 1996, where ZO-1 was found to 
reside in the nucleus of mechanically wounded monolayers, as well as subconfluent cells 
[38]. Similarly, ZO-2 in sparse MDCK cell cultures also accumulates within the nucleus, 
where it partially colocalizes with splicing factor SC-35, while in confluent epithelial 
monolayers, ZO-2 localizes to the TJ [48]. In addition, an increased nuclear staining of ZO-2 
was observed when LLC-PK1 cells were subjected to environmental stress such as cadmium 
chloride (CdCl2) treatment or growth at 42ºC [53]. Furthermore, in some tumor cells, TJ 
proteins were also found inside the nucleus, for instance, ZO-1 in papillary thyroid carinoma 
[54] and pancreatic cancer cells [55], symplekin in colon carcinoma as well as symplekin and 
cingulin in various tumor cell lines [56, 57]. Taken together, it appears that several TJ 
adaptor proteins translocate to the nucleus when cells are either transformed, sparsely seeded, 
subjected to environmental stress or when the epithelial sheet is disrupted due to mechanical 
injury.  
 
Among the three ZO proteins, the nuclear localization of ZO-2 is the least controversial and 
the presence of ZO-2 in the nucleus in response to mechanical injury [48], heat shock (42°C) 
and chemical insult (CdCl2) has clearly been established [53].  
 
To further understand the shuttling of ZO-proteins between cytoplsam and nucleus, possible 
nuclear localization signals (NLSs) and nuclear export sequences (NESs) present in ZO 
proteins were identified [39, 58]. NLSs are typically short sequences of positively charged 
lysine (K) or arginine (R) residues. They can be classified into monopartite ([K/R]4-6), or 
bipartite  ([K/R]2X10-12[K/R]2) signals [59] and  are the binding sites for importins 
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(karyopherins). NESs on the other hand, are leucine rich sequences with a characteristic 
spacing of leucine or other hydrophobic residues and bind exportin (CRM-1). Interestingly, 
NLSs were indeed present in tight junction and septate junction associated MAGUKs like 
ZO-1, ZO-2, ZO-3, Dlg and Tamou, but absent in synapse-associated MAGUKs such as 
SAP90, PSD95, SAP97 and Chapsyn-110 [39]. This observation probably reflects the 
impracticality for the transport of these synaptic proteins back into the nucleus along the 
length of neuronal cell extensions.  
 
ZO-2 was found to have 5 putative NLSs, 2 bipartite NLSs located within PDZ1 
(83RKSGKIAAIVVKRPRKV99) and within the basic region between PDZ1 and PDZ2 
(245RRTQPDARHAGSRSRSR261), and 3 monopartite NLSs located within the basic region 
(185RRPR188) and within the terminal portion of the first bipartite NLS (94KRPRK98 and 
95RPRKV99) [60]. When these NLSs were deleted, the nuclear import of the ZO-2 amino 
segment was diminished and its ability to regulate the transcriptional activity of promoters 
controlled by AP-1 was impaired [60]. 
 
ZO-2 also possesses 4 NESs, 2 within PDZ2 domain (NES-0: 305LRLGSQIFI313 and NES-1: 
361LQLVVLRDSK370) and 2 in the GUK domain containing region (NES-3: 
719LFGPIADIAL728 and NES-2: 728LEKLANELPDL738) [58]. Both NES-0 and NES-3 are 
functional and sensitive to leptomycin B while NES-1 can be rendered capable of nuclear 
export upon subsititution of Ser369 by a negatively charged Glu residue [58]. In addition, 
both NES-0 and NES-1, and NES-2 and NES-3 are required for attaining an efficient nuclear 
exit of the respective amino and middle segments of ZO-2 [58]. The above implies that ZO-2 
can shuttle between the nucleus and cytoplasm.  
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The discovery of NLSs and NESs in ZO-2 [48], the observation of ZO-2 in the nucleus of 
epithelial renal cells [61] and the influence of both cell density and the differentiation state on 
its cellular localization led to a growing interest to uncover the roles of ZO-2 in the nucleus. 
In one study, ZO-2 was implicated in regulating the nuclear relocalization of ARVCF 
(Armadillo Repeat protein deleted in Velo-Cardio-Facial syndrome) from E-cadherin based 
AJs to the nucleus in response to disruption of cell-cell adhesion [62].  
 
In subconfluent epithelial cells, ZO-2 is present in the nucleus where it binds through its PDZ 
1 domain to SAF-B (scaffolding attachment factor-B), a heterogenous nuclear 
ribonucleoprotein [53]. This was not observed for ZO-1, suggesting that ZO-1 and ZO-2 do 
have non-redundant functions [53] in addition to a redundant effect on promoting claudin 
assembly into TJ strands [63]. ZO-2 was subsequently found to associate and/or colocalize 
with other nuclear or nucleic acid binding proteins, including lamin B1 in sparse cell cultures 
[60], as well as the transcription factors Jun, Fos, AP-1 and the CAAT/enhancer binding 
protein (C/EBP) [49].  
 
1.6.2: Roles of ZO-2 as a tumor suppressor  
Carcinomas are malignancies that originate from epithelial cells and include those that 
originate from the breast, lung, prostate and colon. In humans, more than 90% of all 
neoplasms are carcinomas, which comes as no surprise considering the fact that epithelial 
cells, which cover the external surfaces of the body and those of the internal cavities and 
ducts, are readily exposed to environmental carcinogenic agents.  
 
ZO-2 has been identified as a candidate tumor suppressor protein due to its homolgy to the 
larvae imaginal Disc-Large (dlg) gene, a cell polarity gene and tumor suppressor in 
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Drosophila. Both ZO-2 and Dlg are structurally related, belong to the same MAGUK family 
of proteins and have been shown to localize to both the nucleus and basolateral membrane 
[64, 65].  
 
Dlg is highly conserved among species. Mutations in Drosophila dig lead to failure to form 
zonula adherens, mislocalized adherens and apical junctions and a loss of apical-basal 
polarity [66, 67]. In addition, these mutations in Dlg lead to neoplastic tumors of brain lobes 
and imaginal discs (a group of epithelial cells retained during pupal development that will 
give rise to adult fly structures), causing the death of the flies at the larval stage [68, 69].  
 
In mammals there are four Dlg members namely: Dlg-1 (SAP-97), Dlg-2 (PDS-93/ Chapsyn-
110), Dlg-3 (SAP-102), Dlg-4 (PSD95/SAP-90) [70]. Dlg-3 expression is absent in some 
tumor cell lines and oesophaegal tumors [71]. Similarly, Dlg-1 and/or Dlg-4 were shown to 
be down regulated in invasive and diffusive gastric carcinomas [72]. Over expression of both 
Dlg-1 and Dlg-3 in 3T3 fibroblasts inhibits their proliferation by blocking G1-S phase 
progression [73, 74]. Hence they are considered suppressors of cell proliferation. 
 
In flies, dlg is genetically linked to scribble (scrib) and lethal giant larvae (lgl). All three are 
tumor suppressors that function in the same genetic pathway [75] and have been linked to 
septate junctions. This association of Dlg with Scribble in flies is mirrored by the association 
of ZO-2 with hScrib, the mammalian homolog of Drosophila tumor-suppressor Scribble, in 
mammals. This interaction involves a carboxy terminal PDZ binding motif (TEL) of ZO-2 
and the PDZ3 and PDZ4 domains of hScrib [76]. This colocalization of ZO-2 and hScrib is 
only detectable in cells that are not fully polarized. With the maturation of epithelial polarity, 
ZO-2 will be segregated from hScrib to the TJs [76].  
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In human, Dlg is the functional target for the high-risk human papilloma virus E6 
oncoprotein and the adenovirus E4 oncoprotein [77, 78]. Binding of these viral proteins 
sequesters hDlg within the cytoplasm and targets it for degradation by the proteosome. This 
is a necessary step towards increased cell proliferation and oncogenic transformation [79]. In 
addition, hDlg is also known to bind to the Adenomatus Polyposis Coli (APC) - -catenin 
tumor suppressor complex and may impede the progression of the cell cycle [74, 80]. 
Interestingly, the adenomavirus E4 oncoprotein also binds to ZO-2 and mediates oncogenic 
effects via the same mechanism mentioned above for Dlg [81]. Hence it is thought that ZO-2 
plays the role of a tumor suppressor by analogy to Dlg. 
 
Not only do viral oncoproteins target ZO-2 and Dlg, they also target their respective 
interacting partners protein 4.1 [34] and Coracle [82]. Coracle is a homologue of protein 4.1 
and protein 4.1 is a cytoskeleton protein with many isoforms and plays a role in the 
attachment of the actin cytoskeleton to the cell membrane through interactions with integral 
membrane proteins such as glycophorin C, band 3, and components of the tight junction [34]. 
Hence both ZO-2 and its associated 4.1 proteins interact with viral oncoproteins. Given that 
one role of viral oncoproteins is to neutralize cellular tumor suppressors, this makes ZO-2 a 
likely tumor suppressor.   
 
More recently ZO-2 is found to interact with c-myc [50] and down regulate Cyclin D1 
transcription by recruiting HDAC1 and binding to the E-box element in the Cyclin D1 
promoter region. The same group has also discovered that ZO-2 could, through a yet 
unknown mechanism, increase the activity of GSK3β by phosphorylating its serine at 
position 9 and consequently increase the phosphorylation of Cyclin D1 at Thr286. This 
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triggers the export of Cyclin D1 from the nucleus and its subsequent degradation at the 
proteasome [83]. Hence ZO-2 may function as a tumor suppressor by blocking cell cycle 
progression from G1- to S-phase through the regulation of Cyclin D1 both at the transcription 
and protein level.  Transcription regulation of Cyclin D1 is however less effective in serum-
deprived epithelial cells than in non-synchronized epithelial cells due to a high level of 
Cyclin D1 mRNA in the former, hence regulation of Cyclin D1 at the protein level is more 
predominant in the latter [83]. 
 
Finally, support for a role of ZO-2 as a tumor suppressor comes from observations that its 
expression is either lost or decreased in a majority of breast cancer cell lines and 
adenocarcinomas. However, ZO-2 is mostly present in colon cancers and prostate carcinomas 
[84], suggesting that its role as a tumor supressor may differ depending on the tissue. 
 
1.6.3: Roles of ZO proteins derived from knock out (KO) mouse and knock down (KD) 
cells 
All three ZOs have been knocked out in mice. ZO-3-/- mice are viable with no apparent defect 
in embryonic development [85]. In contrast, ZO-1-/- [86] and ZO-2-/- [87] mice suffer from 
early embryonic lethality, revealing critical and non-redundant roles in mammalian 
embryonic development. 
 
In ZO-2-/- mice, the embryos fail to complete gastrulation due to loss of cell proliferation and 
an increase in cell death, which results in their resorption. The embryos of these ZO-2-/- mice 
have discrete ectoderm and endoderm cell layers but do not show evidence of mesoderm 
development. This is supported by the absence of Brachyury expression, a mesoderm marker, 
in situ. Since ZO-2-/- ES cells are able to differentiate into mesoderm in vitro, the arrest of 
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cell proliferation and subsequent programmed cell death, rather than mesoderm development 
per se, may prevent gastrulation and led to embryonic lethality in ZO-2-/- mice [87]. 
 
In the ZO-2-/- embryos, prominent electron dense plaques characteristic of apical junctional 
complexes were rarely seen at the apical pole of the lateral membrane of adjacent cells in the 
ectoderm. As a result, lanthanum leaked into the lateral intercellular spaces between adjacent 
cells, indicating that the structure and permeability barrier function of the apical junctional 
complex were altered in the ZO-2-/- embryos [87]. 
 
In mammary epithelial cells, where ZO-1 was inactivated by homologous recombination and 
ZO-2 suppressed by RNA interference, TJs were lacking. However, TJ strands could be 
restored to their correct location in these ZO-1(KO)/ZO-2(KD) cells by exogenous 
expression of either ZO-1 or ZO-2 [63]. Triggering TJ formation by ZO-1 would require both 
the three PDZ domains and the SH3-GUK domains. This indicated that binding to claudins, 
which was dependent on the PDZ domains, was not sufficient for TJ strands formation. When 
a truncated ZO-1 was modified to have a myristoylation sequence to localize it to the plasma 
membrane and a signal for it to homodimerize, TJ strands became prominent all over the 
lateral membrane. Hence dimerization of ZO-1 was important for polymerization of claudins 
at the TJs [63].    
 
1.7: TGFβ signaling links tight junctions to Snail family  
Epithelia serve as the first line of defense of an organism that is constantly exposed to 
microbes, viruses and toxins. As a first line of defense, any open wound will need to be 
quickly repaired. Hence it will be advantageous for epithelial cells, which line ducts and 
cavities, to be exposed to growth factors so that a quick encounter with these growth factors 
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is possible when the integrity of the epithelial sheet is compromised [88]. This will require 
such cells to position their growth factor receptors strategically on their surfaces. 
 
In support of this view are findings in recent years that many surface growth factor receptors 
are found targeted to epithelial junctions. Growth factor receptors with tyrosine kinase 
activities such as EGFR, c-Met and IGF1-R are co-localized to AJs and physically interact 
with E-cadherin [89], while TGFβR, a growth factor receptor with serine threonine kinase 
activity, is found co-localized to TJs and physically interacts with occludin [90].  
 
Common to all these receptors is their ability to induce an epithelial-mesenchymal transition 
(EMT) upon induction by their respective ligands. EMT is a process whereby epithelial cells 
are converted into mesenchymal cells through a series of inter- and intracellular changes that 
results in the disappearance of differentiated junctional complexes. This is caused by the 
down regulation of ZOs, occludin, claudins, E-cadherin and desmoplakins, which leads to a 
loss of epithelial polarity. In addition, EMT also involves the reorganization of the 
cytoskeleton including the switch from E-cadherin to N-cadherin, the decreased expression of 
cytokeratin, increased level of vimentin, α-smooth muscle actin and fibronectin, as well as 
the acquisition of motility and invasive properties. EMT is important in gastrulation, the 
genesis of the neural crest, somites, heart and craniofacial structures is driven by transcription 
factors such as the zinc finger proteins Snail and Slug, zinc finger/homeodomain proteins 
ZEB-1 and -2, the bHLH factor Twist and the forkhead factor FoxC3.  [Reviewed in [91]] 
 
Many studies have shown E-cadherin to be the primary target in EMT. Indeed, many of the 
signaling pathways of EMT converge down to the control of E-cadherin, which is a calcium 
dependent adhesion molecule of AJs encoded by the CDH1 gene [92] that helps to maintain 
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the epithelial phenotype by mediating the homophilic binding of adjacent E-cadherin 
molecules in neighboring cells. E-cadherin is connected to cytoskeleton via non-covalent 
linkage to the C-terminal domain of β-catenin. When E-cadherin is down regulated during 
EMT, it leads to the dissolution of AJs and the loss of E-cadherin mediated sequestering of β-
catenin. As a result, β-catenin is free to enter and accumulate in the nucleus to activate target 
gene expression by associating with LEF/TCF4 (lymphoid-enhancer-binding factor/T-cell 
factor-4). [Reviewed in [93]] 
 
Despite the link between AJs and EMT, previous studies have not considered TJs to be the 
primary target in EMT. This is until Jerry Wrana et al. established the direct binding of 
occludin to TGFβRI (TGFβ type I receptor) and how this promotes TGFβRI recruitment to 
the TJs [90, 94]. Upon binding of TGFβ to TGFβRI, TGFβRII is recruited to the TJs which 
then phosphorylates Ser345 on Par6 located in the occludin-TGFβRI complex. They then 
showed that phosphorylated Par6 binds to Smurf1, an E3 ubiquitin ligase, which targets 
RhoA for degradation and eventually causes TJ dissolution [94]. Interestingly, when they 
mutated this Ser345 phosphorylation site on Par6, TJ dissolution was prevented, but AJ 
dissolution caused by Smad-dependent events was not affected. Hence part of the EMT 
program is still executed via TGFβ signaling [94].  
 
TGFβ signaling therefore promotes EMT by a combination of the above Smad-independent 
and the classical Smad-dependent pathways. The former relies on the phosphorylation of 
Par6 and leads to TJ dissolution, while the latter involves Smads and co-factors that lead to 
HMGA2 (high-mobility group A2) expression and the eventual induction of Slug, Snail and 




1.8: Members of the Snail Super Family and their Organization 
Slug belongs to the Snail superfamily of zinc finger transcription factors, of which Snail was 
the first to be described in Drosophila melanogaster [96]. The discovery of Snail was soon 
followed by the identification of several additional family members in Drosophila, 
vertebrates and C. elegans namely, Escargot (French for Snail) [97], Worniu (Chinese for 
Snail) [98], Scratch [99], Slug [100] and CES-1.  
 
The Snail superfamily is divided into 2 families, namely Snail and Scratch. Under the Snail 
family, it is further branched into the Snail and Slug subfamilies. Smuc is a more recent 
isolate and it occupies a very unusual position in the family tree of Snail superfamily [101].  
 
All Snail superfamily members share a similar domain organization. All of them have a 
highly conserved C-terminal region that consists of 4 (Snail) to 6 (Worniu) zinc fingers. Snail 
has 4 zinc fingers while Slug has 5 of them. The last zinc finger of Slug and Snail is of the 
C2HC type, whereas all others are of the C2H2 type. The zinc fingers were found to bind to 
the consensus core sequence of CAGGTG [102], identical to the E-boxes which are the core 
binding sites of bHLH (basic helix-loop-helix) transcription factors. This implies that Snail 
family members might compete with them for the same binding sequences [101, 103]. 
 
In contrast, the N-terminal portions of Snail superfamily members are more diverse and have 
domains that can be used to assign them to their designated families and subfamilies, in 
particular the Scratch and Slug domains, which are absent in Snail [104].  A small 7 amino 
acid stretch (MPRSFLVK) called SNAG (Snail/Gfi-1) motif, was originally identified in the 
Gfi-1 oncoprotein and is conserved among the vertebrate Snail family members. This SNAG 
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motif is believed to be necessary for nuclear localization and transcription repression as 
shown for Gfi-1, but probably insufficient for these functions in Snail proteins [105].  
 
In contrast to the vertebrate members, the invertebrate Drospohila Snail, Worniu and 
Escargot lack the SNAG motif but have a conserved NT (N-termini) box motif in its place. 
The NT box has no known function but has been postulated to play a role in nuclear 
localization due to the presence of many basic residues [106]. These invertebrate Snail family 
members are capable of executing transcription repression even without SNAG and is 
thought to occur via the recruitment of CtBP (C-terminal Binding Protein) through a 
conserved P-DLS-K motif present in Drospohila Snail family members (but not in Scratch) 
[107]. Interestingly, a partial consensus of the P-DLS-K motif is also found in several 
vertebrate family member, hence transcription repression in vertebrates is thought to work 
via the SNAG domain acting either alone, or by recruiting a co-repressor (possibly CtBP 
which recruits HDAC), or utilizing both mechanisms in conjunction. 
 
Another noteworthy feature is the Ser/Pro rich middle portion of the Snail proteins. This 
region has been shown to play an important role in determining the subcellular localization of 
Snail, its turnover and ultimately its activity as a transcription repressor through 
phosphorylation by GSK3β and the proteosome degradation pathway [108]. 
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Fig. 1.8 Sequence comparison of various members of the Snail superfamily 
a) Overall structure of Snail superfamily members including the relative positions of the 
SNAG domain, zinc fingers (I–V), as well as the Scratch- and Slug-specific boxes.  b) 
Consensus sequences of the different zinc fingers for Snail (Sna; light purple), Scratch (Scrt; 
green) and the whole Snail superfamily (dark purple). c, d)  Sequence comparison of the Slug 
and Scratch specific domains respectively across various organisms. (Dm, Drosophila 
melanogaster; Dr, Danio rerio; Gg, Gallus gallus; Hs, Homo sapiens; Mm, Mus musculus; Xl, 
Xenopus laevis) e) Sequences of the SNAG domain present in representative members of the 
three big groups of bilateralians. (Bf, Brachiostoma floridae; Lv, Lytechinus variegatus; Pv, 
Patella vulgate) The zinc-finger region and the SNAG domain have been shown to be 
fundamental for protein function, while the domains specific for Slug and Scratch allow the 
classification of these members into their assigned subfamilies. (Adapted from Nature 
Review Molecular Cell Biology 2002; 3: 455-466) 
 
1.9: Nuclear localizing signals and nuclear export signals of Snail  
Snail localizes predominantly to the nucleus of most cells although the molecular mass of 
Snail is at the limit for allowing passive diffusion through the nuclear pore [109]. Hence 
Snail might possess one or more NLS that enable it to be actively translocated into the 
nucleus.  
 
Some transcription factors like Kaiso have a classical NLS motif upstream of the zinc finger 
or DNA binding domain [110, 111]. In the case of Snail, a bipartite basic region in the N-
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terminal region that overlaps with the SNAG domain (8RKPSDPRRK16) and a monopartite 
motif (151RK152) close to the first zinc finger were identified as NLSs responsible for its 
nuclear localization [112].   
 
In most nuclear proteins, nuclear import is counteracted by nuclear export signals involving 
small, hydrophobic, leucine-rich nuclear export signal (NES) that mediate interaction with 
CRM-1 [113].  In Snail, an NES was found within amino acids 132 to 142 
(132LGQLPKQLARL142), preceding the zinc finger domain and adjacent to a serine rich 
sequence (96DSGKSSQPPSPPSPAPSSFSSTSASSLE122) that harbors the phosphorylation 
sites for GSK3β. These sites fit the GSK3β phosphorylation consensus sequences DSGxxS 
and SxxxSxxxSxxxS (where D is aspartic acid, G is glycine, S is serine, and X can be any 
amino acid). Interestingly, Slug also harbors such a serine rich sequence 
SPPPSSDTSSKDHSGSESPIS which overlaps with the Slug specific domain (amino acid 93 
to 120).  
 
Snail nuclear localization is influenced by the phosphorylation status of the protein [108]. 
The localization and stability of Snail was found to be regulated by GSK3β [114, 115] in a 
two stage process involving phosphorylation of two consensus motifs, one for nuclear export 
(motif 2: 107SPAPSSFSSTSASSLE122) and another for protein degradation (motif 1: 
95DSGKSSQPPS104) [114]. According to this model, Snail is first phosphorylated by a 
nuclear pool of GSK3β at motif 2, the serine rich sequences adjacent to the NES (amino acid 
132-142), inducing a CRM-1 dependent nuclear export [108]. Once exported to the cytosol, 
Snail is phosphorylated in motif 1 by a cytoplasmic pool of GSK3β to mark it for 
proteasomal degradation by association with the F-box protein, β-Trcp, which is a component 
of the SCF E3 ubiquitin-ligase complex [114]. Other factors that influence the nuclear 
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localization of the Snail include importin β, Ran [116] and Pak1-mediated phosphorylation 
on Ser 246 [117]. 
 
More recently, LOXL2, a member of the lysl oxidase (LOX) gene family, was found to 
collaborate with Snail to repress E-cadherin [118]. LOX, the founding member of the LOX 
gene family, catalyzes lysine-lysine cross-linkages in collagen and elastin [119]. The effect of 
LOXL2 is dependent on the presence of 2 specific lysines, K98 and K137, in Snail. LOXL2 
catalyzes the oxidative deamination of K98 and K137, leading to an intramolecular linkage 
and a conformational change in Snail that masks the GSK3β-dependent regulatory motifs 1 
and 2. This prevents the GSK3β phosphorylation and enhances the stability and nuclear 
localization of Snail. In addition, Peinado et al. observed that this conformational change 
induced by LOXL2 was critical for the recruitment of the co-repressor complex 
Sin3A/HDACs, making Snail more effective in repressing its target genes [118]. Hence, the 
repressor activity of Snail can be envisaged as the result between LOXL2-mediated positive 












1.9.1: Sequence comparison of Snail, Slug and Smuc  
MPRSFLV.........PNY..L..........................E........P...W.S...............L.
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CPHCNRAFADRSNLRAHLQTHSDVKKYQCKNCSKTFSRMSLLHKHEESGCCVA-H                           
CSHCNRAFADRSNLRAHLQTHSDVKRYQCQACARTFSRMSLLHKHQESGCSGGPR                           













Motif 1 Motif 2
ZNF1
ZNF2 ZNF3
ZNF4 ZNF5  
Fig. 1.9.1 Alignment of Snail (Sna1), Slug (Sna2) and Smuc (Sna3) using Clustal V method 
(DNASTAR Inc. MegAlign 5.08). The known NLSs of Snail and the potential NLSs of Slug are 
highlighted with blue boxes while known and potential NESs of Snail and Slug, respectively, are 
highlighted with the yellow boxes. The Slug specific domain is boxed in red. Known modification 
sites on Snail are indicated as followed: GSK3β phosphorylation sites motif 1 (involved in protein 
degradation) and motif 2 (involved in nuclear export): black bold rectangle, LOXL2 lysine 
modification sites: black bold square, and Pak1 serine phosphorylation site: black bold circle. The 
zinc finger domains are boxed and labeled. 
 
1.10: The Roles of Slug/Snail  
1.10.1: Roles in EMT 
Snail, the founding member in the Snail superfamily, was first described in Drosophila 
melanogaster [96]. There, a mutation in Snail leads to the formation of a highly twisted, 
snail-like embryo due to defects in mesoderm invagination and loss of germ band retraction. 
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Reminiscent of this effect is that observed in the Snail knockout mice, which die at 
gastrulation [120].  
 
Likewise, silencing of Slug expression using an anti-sense approach in chick embryos led to 
severe defects in neural crest and mesoderm development [100, 121], while expression of a 
dominant negative Slug construct [122, 123] in Xenopus embryos inhibited both neural crest 
and mesoderm delamination. Remarkably, however, despite the above observations, 
homozygous Slug null mutant mice are viable with no defects in mesoderm formation and 
neural crest development. These seemingly contradicting observations will be elaborated on 
in the subsequent section. 
 
The above defects were attributed to a failed attempt of the mesoderm to invaginate during 
gastrulation. Gastrulation requires the cells of the mesoderm to down regulate E-cadherin 
expression and to undergo epithelial to mesenchymal transition (EMT), which failed to occur 
in these mutants as the cells were still columnar, retained their apical-basal polarity and 
microvilli, and continued to express E-cadherin [120].  
 
Snail and Slug were shown to elicit EMT through the direct repression of E-cadherin 
expression [124, 125]. Although EMT is critical in developmental stages such as gastrulation, 
neural crest cell migration, and organogenesis, it is also a key element in the metastasis of 
tumors derived from epithelial tissues [126, 127].  
 
Although EMT is critical during specific developmental stages and for metastasis of 
tumors derived from epithelial tissues, it is also linked to wound healing, fibroblastic 
remodeling in mature tissues after injury [128, 129], and tubulogenesis. However, in 
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these latter instances, cells only undergo a partial EMT program. Partial EMT or p-EMT 
is a concept introduced by the laboratory of Keith Mostov. They postulate that p-EMT is 
sufficient for epithelial wound healing or tubulogenesis.  
 
In the first stage of tubulogenesis, one single ‘pioneer’ cell will extend its cytoplasmic 
protrusion into the surrounding matrix. This pioneer cell is followed by a chain of single 
cells, which eventually form a multilayered cord with a nascent discontinuous lumen. 
Eventually, cells making up the cord migrate, proliferate and expand the luminal surface 
and sometimes undergo apoptosis, until each of the cells in the tubule has a free luminal 
surface, as well a lateral and basal surfaces. This will mark a fully mature tubule [130].  
 
If one considers full EMT as a sequential multistep process, then p-EMT involves only some 
of these steps and for a limited period of time only. This is what Keith E. Mostov et al. had 
observed in growing MDCK cells in a 3D system. E-cadherin expression was not lost or 
decreased, but merely redistributed during p-EMT of MDCK cells undergoing tubulogenesis, 
despite high levels of Slug being present in the nuclei. The extensions could form during 
tubulogenesis even when Slug was knocked down thus Slug was not involved in the 
induction of p-EMT. Instead, they proposed a role for Slug as a survival factor and an inducer 
of cell movement, rather than an inducer of EMT [131].  
 
Another example of p-EMT occurs during the re-epithelialisation of cutaneous wounds in 
mice, a process that involves Slug and requires migration and reduced cell-cell adhesion. 
During this process, the cells closing the wound do not undergo a full EMT but retain their 
intercellular junctions and remain associated with each other in a cohesive sheet [132].  
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1.10.1.2: Role of Slug derived from KO mouse and KD cells  
Early work on knocking out Snail and Slug in different animal models gave rise to some 
puzzling observations. While the homozygous Slug null mutant mice are viable with no 
defects in mesoderm formation and neural crest development, the homozygous Snail null 
mutant mice die during the gastrulation stages and show defects in EMT [120]. Also in sharp 
contrast to the non-lethal effect of knocking down Slug in mice, is the severe defects in 
neural crest and mesoderm development seen when Slug expression is interfered in chick 
embryos [100]. 
 
These seemingly contradicting differences were later attributed to the inversion in expression 
patterns of Slug and Snail, at sites of EMT, in these two animal models. While Slug is 
expressed in the premigratory neural crest and primitive streak in chick embryo, Snail is 
absent in these sites. By contrast, it is Snail that is expressed in these tissues in the mouse 
embryo. Hence, the role of Slug in chick is replaced by Snail in mouse [133]. The mechanism 
for this inversion is currently not known, but may involve swapping of regulatory modules, 
differential loss of tissue-specific cis-regulatory elements or a differential availability of up-
stream regulators. 
 
Slug -/- mice have a white forehead blaze, patchy depigmentation of the ventral body, tail and 
feet, macrocytic anemia, hematopoietic progenitors hypersensitive to ionizing radiation, and 
reduced fertility due to testis defects affecting spermatogonia and Leydig cells. These 
phenotypes inferred defects in melanogenesis, hematopoiesis and gametogenesis [134]. This 
is in addition to other defects like postnatal growth delay and chronic eyelid inflammation. 
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Other than the above defects, Slug -/- mice are normal and their  life expectancy in not 
affected [135].  
 
The phenotype of Slug -/- mice is similar to that of mice with mutations in the W (White-
spotting) and S1 (Steel) loci. In 1988, the W locus was found to encode a tyrosine kinase 
receptor, c-kit. The S1 locus was later found to encode the c-kit ligand, named stem cell 
factor (SCF) or mast cell growth factor. Twelve years later, in 2002, it was found that the 
activation of c-kit by SCF specifically induces the expression of Slug [134]. Thus, mutations 
at the W, S1 or Slug loci are genetically linked and impair the development of the following 
3 stem cell populations, namely melanoblasts, germ cells (Leydig cell-lineage) and 
hematopoietic progenitors cells. These biological events are reminiscent of epithelial-
mesenchymal transitions during embryonic development and are ultimately linked to cell fate 
determination. In human, disorders of melanocyte development, characterized by white 
spotting, are typified by both piebaldism and Waardenburg syndrome. These are now 
recognized as a subgroup of neurocristopathies, involving defects in various neural crest 
lineages and Slug may be responsible for some if not all of these disorders.  
 
On the cellular level, Snai2 and/or Snai1 knock down of mouse skin carcinoma HaCa4 and 
CarB cells using stable RNA interference were used to address their contributions to 
tumorigenesis whilst looking at tumor growth, invasion and metastasis rates. Snai2 
knockdown had a milder effect, but cooperates with Snai1 silencing to reduce the growth 
potential of the carcinoma cell lines in vitro and tumor formation when injected into nude 
mice. Importantly, Snai1 or Snai2 silencing dramatically reduced the metastatic ability of 
squamous carcinoma HaCa4 cells, leading to a strong reduction in liver and lung metastasis. 
However, only Snai1 knockdown affected invasiveness and fully abolished tumor cell 
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dissemination into the spleen. The results showed that Snai1 and Snai2 cooperate on primary 
tumor growth and specifically contribute to site-specific metastasis of HaCa4 cells to liver 
and lung. They also demonstrate that Snai1 is the major regulator of local invasion, thus 
supporting a hierarchical participation of both factors in the metastatic process [136].  
 
1.10.2: Role other than in EMT  
Although Snail/Slug transcription factors are known to induce EMT, induction of EMT may 
not be the prevalent role of Snail/Slug family members and they have been implicated in 
additional roles.  
 
For example, Snail/Slug family members have been associated with antiapoptotic or cell 
survival activity. In C. elegans, the repression of CES-1 (a Scratch homologue) [137] causes 
the death of a particular class of neurons, while in humans, a translocation that converts the 
repressor HLF (hepatic leukemic factor: a putative CES-2 homologue) into an activator of 
Slug, leads to aberrant cell survival and leukaemia development [135]. Furthermore, 
haematopoietic progenitors of Slug null mice showed an increased sensitivity to death 
induced by gamma irradiation [138, 139]. On the other hand, Snail expressing cells can 
survive in the absence of survival factors, are resistance to direct apoptotic stimuli by death 
receptors, and are resistant to DNA damage [140-142]. 
 
These survival properties can emerge either with (for example fetal hepatocytes [143, 144] 
and the neural crest [142]) or without (for example epithelial cells at the medial edge of 
developing palate [141] or limb formation in the chick [145]) a concomitant EMT, hence 
protection from apoptosis can be considered an EMT-independent function. In the latter case, 
epithelial cells are protected from apoptosis by Snail, when the two palatal shelves fail to 
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fuse, despite an intact epithelial architecture. This also occurs where cleft palates have 
evolved as the normal condition, such as in birds [141]. Likewise at the onset of chick limb 
development, Slug transcripts are found initially in the whole interdigit but later when 
apoptosis starts, they are detected mainly in the periphery of the interdigit. This suggests that 
cells down regulate Slug expression before they become committed to die [145].  
 
Another EMT-independent function of Slug was observed more recently in white adipose 
tissue (WAT) of humans. In Slug-deficient mice, the absence of Slug caused a marked 
decrease in WAT mass. In contrast, in Slug-over expressing mice, a corresponding increase 
in WAT mass was observed [146]. This observation was consistent with Slug-deficient 
mouse embryonic fibroblasts (MEFs) showing a reduced capacity for adipogenesis, while 
Slug-over expressing MEFs extensively accumulated lipid. These alterations in WAT 
induced by Slug are reversible as shown by complementation studies [146]. 
 
Perhaps, based on the above examples, Snail genes should then be regarded more broadly as 
regulators of cell adhesion, cellular movement, cell proliferation and survival, rather than the 











The aim of this project was to discover new interacting partners of the tight junction plaque 
protein ZO-2, in particular, novel proteins that can interact with the middle portion of ZO-2, 
since little is known about the association of proteins to this region. As ZO-2 has been found 
capable of entering the nucleus when epithelial cells are subjected to external stress such as 
mechanical injury, heat shock and chemical insults, but its role in the nucleus is largely 
unclear, the intention of this project was to focus on interacting partners that are nuclear in 
their localization. 
 
Slug, a nuclear transcrption factor, was found as a novel interacting partner of ZO-2. Slug has 
been shown to play a role in epithelial to mesenchymal transition by its ability to repress E-
cadherin expression [124, 125]. However, the induction of EMT may not be the only or 
prevalent role of Slug, since it has also been implicated in cell survival in the absence of 
survival factors, resistance to direct apoptotic stimuli by receptors and resistance to DNA 
damage [140-142]. 
 
Thus the objective of this project was to establish the relationships between ZO-2 and Slug, 
and to explore the rationale of ZO-2 shuttling from the tight junction into the nucleus when 
epithelial cells come under stress. Crucial to this aim was to obtain confirmation of ZO-2 
binding to Slug and to determine which domains are required for this binding. Other 
questions explored inluded: When do the two proteins come together to bind? Do they bind 
to each other only in the nucleus or can they interact at the tight junction as well? What is the 
purpose of this interaction? What are the mechanisms involved in the translocation and 
retention of Slug in the nucleus and what is the role of ZO-2 in this, if any? Can the presence 
of ZO-2 in the nucleus help stabilize Slug which is known to be a labile protein? Can the 
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binding of Slug to ZO-2 in turn prevent ZO-2 from leaving the nucleus? Does the binding of 
ZO-2 affect the expression of genes controlled by Slug? Finally, since Slug has been shown 
to play a role in EMT and cell survival (anti-apoptotic activities) and both processes are 
























MATERIALS AND METHODS 
Screening: 
 
2.1 Yeast two-hybrid screen 
A yeast two-hybrid screen was performed using the SH3-GUK-Acidic (SGA) domain of 
canine ZO-2 (amino acids 575-945) fused in-frame to the GAL4 DNA binding domain of the 
yeast expression vector pGBKT7 (Clontech) as a bait and a pre-transformed mouse 17 day 
embryo cDNA library fused to the GAL4 transactivator domain in the yeast expression 
vector pGADT7 (Clontech). All experimental details were according to the manufacturer's 
protocols. Clones were screened at high stringency with a quadruple dropout media that 
lacked the vector-selective markers leucine, tryptophan, histidine, as well as adenine, and 
then tested for - and -galactosidase activity. Library plasmids with the cDNA inserts from 
positive clones were isolated and sequenced, resulting in the identification of the entire Slug 
cDNA. The interaction was retested by transforming this Slug cDNA plasmid with bait 
vectors carrying the human ZO-1 SGA domain (amino acids 490-883), the canine ZO-2 SGA 
(amino acids 575-945), SH3 (amino acids 575-713), as well as the GA domain (amino acids 
714-945) or the canine ZO-3 SGC domain (amino acids 450-899). Empty pGBKT7 or a bait 
plasmid with laminin cDNA (Clontech) was used as negative controls. 
 
2.2 DNA Techniques 
2.2.1 Polymerase chain reaction 
Truncations, point mutations and wild type genes of interest were introduced into various 
constructs using PCR methods. For cloning, PCR was carried out using the Expand high 
fidelity PCR system (Roche) with their corresponding buffer in the presence of 2 μl of 
forward and reverse primer that is 5 μM in concentration. 1 μl of the 10x diluted miniprep 
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template DNA corresponding to roughly 25 ng and 1μl of the 2.5 mM dNTPs (Roche) were 
included in the reaction. After PCR, purifications were done using QIAquick PCR 
purification kit according to the given protocol (QIAGEN). For screening of bacterial clones, 
the GoTaq Flexi DNA polymerase (Promega) was used instead. 
 
2.2.2 Restriction digestion and gel electrophoresis 
The PCR fragments and vectors were digested using restriction enzymes from Roche or New 
England Biolabs. Restriction digestion was performed using 1-2 μg of DNA in the presence 
of 1-2 units of restriction enzymes and buffers supplied by the manufacturers. The vector was 
subjected to Alkaline phosphatase (Roche) treatment to prevent self ligation. Digested DNA 
were analyzed by agarose gel electrophoresis (1% w/v) using Gel Red staining. Gels were 
run in IX TAB (40 mM Tris-HCL (pH 8.5), 1 mM EDTA, 20 mM glacial acetic acid) buffer 
at a constant voltage of 100 V and visualized by UV illumination. The selected fragments 
were cut from the gel and purified using QIAquick Gel Extraction kits (QIAGEN). 
 
2.2.3 Ligation 
The purified vector and fragment were ligated using the Rapid DNA ligation kit (Roche) 
according to the manufacturer’s protocol and were carried out at room temperature for 30 
minutes. 
 
2.2.4 Preparation of competent cells 
DH5α bacteria was grown overnight at 37°C to an O.D600 of 0.4 to 0.5. The culture was then 
transferred to pre-chilled sterile centrifuge tubes and spun at 5000 rpm for 10 minutes. The 
supernatant was discarded and the pellet re-suspended in ice cold calcium chloride solution 
(60 mM CaCl2, 10 mM PIPES (pH 7.0), 15% glycerol) and left on ice for 30 minutes. After 
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an additional centrifugation at 3000 rpm for 10 minutes, the supernatant was discarded 
carefully and the pellet re-suspended in fresh calcium chloride solution and aliquoted in pre-
chilled eppendorfs placed on ice. The tubes were transferred to dry ice and once frozen, 




The ligated constructs were mixed with competent E.coli cells in 1:5 ratio and left in ice for 
30 minutes. Cells were then heat shocked at 42°C for 60 seconds and immediately placed in 
ice for 10 minutes. LB medium was added in a 10:1 ratio and tubes were agitated for 1 hour 
at 37°C, followed by centrifugation. The transformed bacteria were then plated on LB agar 
plates with ampicillin (l00μg/ml) and left overnight at 37°C. Colonies were picked and 
inoculated for screening of the positive clones using PCR, and overnight growth for DNA 
extraction to be performed the following day. 
 
2.2.6 Miniprep and Midiprep 
Plasmid DNA extraction from bacteria was performed using the QIAGEN Hispeed plasmid 
purification mini and midi kits. All steps were followed according to the manufacturer's 
instructions. The DNA obtained was quantified by spectroscopy at 260 nm. (1 OD Unit at 
A260 for dsDNA = 50 μg/ml). 
 
2.2.7 DNA Sequencing 
All constructs were subjected to PCR based sequencing reactions using sequencing protocol 
V3.1. The sequencing reaction consists of: 
1) 95°C for 3 minutes 
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2)  95°C for 30 seconds 
3) 50-55°C (depending on Tm of primer used) for 10sec 
4) 60°C for 4 minutes 
5) Steps 2 to 4 for: 25-30 cycles  
6) Cool to 4°C  
After which the samples were ethanol precipitated and sent for sequencing by the IMCB 
sequencing core facilities. 
 
2.3 Plasmid Construction 
2.3.1 ZO-1, 2 & 3 Constructs 
The templates used to generate the various ZO-1, 2 and 3 domain constructions were from 
Reichert et al.  These various domains of ZO-1, 2 and 3 were cloned into pGBKT7 
(Clontech) with a MYC tag and pGEX4T-1 (Amersham Biosciences) expression vectors. 
 
2.3.2 Yeast Expressed GAL4-HA-fusion ZO-2 Proteins 
For the cloning of the various domains of ZO-1, 2 and 3 namely: Human ZO-1 SGA (amino 
acids 491-883), Canine ZO-2SGA (amino acids 575-947), ZO-2SH3 (amino acids 575-713), 
ZO-2GA (amino acids 714-947) and Canine ZO-3 SGA (amino acids 451-898) into pGBKT7 
(Clontech), primers were designed to introduce a 5’ EcoRI and a  3’ SalI restriction site. 
 
2.3.3 Bacterial Expressed GST-fusion ZO-2 Proteins 
For the cloning of the various domains of ZO-2 namely: Canine ZO-2SGA (amino acids 575-
947), ZO-2GA (amino acids 714-947), ZO-2AP (amino acids 883-1174) and ZO-2P (amino 
acids 948-1174) into pGEX-6P-1 (Amersham Biosciences), primers were designed to 
introduce a 5’ EcoRI and a 3’ SalI restriction site. 
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2.3.4 Mammalian Expressed Myc-ZO1GA, Myc-ZO2GA and Myc-ZO3GA 
For the cloning of the MYC tagged GA domain of ZO-1, ZO-2 and ZO-3 namely: Canine 
ZO-1GA (amino acids 631-883), ZO-2GA (amino acids 713-947), ZO-3GA (amino acids 
606-899) into pGBKT7 for in vitro translation, primers were designed to introduce a 5’ 
EcoRI and a 3’ NotI restriction site. 
 
2.3.5 Mammalian Expressed pcDNA3-Flag-ZO2 and pcDNA3-Flag-ZO2ΔGA 
pcDNA3-Flag-ZO2 (amino acids 1-1175) was provided by Reichert et al and pcDNA3-Flag-
ZO2ΔGA was obtained by deleting amino acids 713-947  using suitable overlapping primer 
pairs.  
 
2.3.6 Mammalian Cells Expressed Flag Nucleus and Membrane Targeting ZO-2 
Constructs 
For the cloning of the nucleus targeting, membrane targeting and non-targeting truncated ZO-
2 constructs namely: Canine ZO-2 3PSGA (amino acids 495-947) and ZO-2 3PSGAP (amino 
acids 495-1444) into pcDNA3 (Invitrogen), primers were designed to introduce a 5’ EcoRI 
and a 3’ XbaI restriction site. Nuclear and membrane targeting signals were introduced by 
PCR. The nucleus targeting signal was a three tandem repeat of the nuclear localization 
signal (NLS) of the simian virus 40 T-antigen. The sequence was obtained from the 
pDsRed2-Nuc vector (Clontech) (nucleotide position: 1298-1387), while the membrane 
targeting sequence was from the N-terminal 20 amino acids of neuromodulin, also called 
GAP-43, it contained a signal for post-translational palmitoylation of cysteines 3 and 4 that 
targeted the fusion protein to the membranes. This sequence was obtained from the pEYFP-
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Mem vector (Clontech) (nucleotide position: 679-738). All constructs were verified by 
sequencing. 
 
2.3.7 Slug Constructs 
The full-length mouse Slug cDNA was obtained from the I.M.A.G.E Consortium cDNA 
clone 2225875 by using suitable primers covering the 5’ and 3’ coding region of the cDNA. 
The full length Slug cDNA, as well as the C’-termiinus and N’-terminus truncation of Slug, 
to be named as EX (short for excluding the zinc finger domains) and ZNF (the 5 zinc finger 
domains of Slug) respectively, was cloned into pGEX4T-1 (Amersham Biosciences; 5’-
BamHI/3’-SalI or EcoRI), pEGFP (Clontech, 5’-SacI/3’-SalI), pMAL-C2 (New England 
Biolabs, 5’-BamHI/3’- EcoRI or SalI) and pDHA (a modified pCI-neo vector (Promega) 
with two HA-Tags added to the 5’ end of its MCS, 5’-EcoRI/3’-NotI) expression vectors. 
Deletion and point mutations in the SNAI2 cDNA were generated by PCR using suitable 
overlapping primers and also introduced into pGEX4T-1 (Amersham Biosciences; 5’-
BamHI/3’-SalI or EcoRI) and pDHA (Promega; 5’-EcoRI/3’-NotI). The following 
substitutions were introduced to mutate the NLSs and NES: K8G, K9G, K15G and K16G 
(NLS1), K146A, K148A, R157A and K158A (NLS2) and L66A, L70A, L74A and L77A 
(NES). Zinc fingers were destabilized by introducing C188A and C191A (zinc finger 3), 
C216A and C219A (zinc finger 4) and C243A and C246A (zinc finger 5) substitutions.  
 
2.3.8 Bacterial Expressed GST-fusion Slug Proteins 
For the cloning of the full length Slug, the C’-terminal EX (amino acids 1-128), the N’-
terminal ZNF (amino acids 129-269) domains and the various truncated variants into pGEX-
4T-1 (Amersham Biosciences) for the production of GST fusion proteins; suitable primers 
were used to introduce a 5’ BamHI restriction site and a 3’ SalI or 3’ EcoRI restriction site 
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and overlapping primer pairs were used to generate the various deletion mutations. The GST-
W199A construct was made by mutating trytophan at position 199 to an alanine using 
suitable primer pairs. 
 
2.3.9 Bacterial Expressed MBP-fusion Slug Proteins 
For the cloning of Slug into pMAL-c2 (New England BioLabs) to produce MBP fusion 
proteins, primers were designed to introduce a 5’ BamHI restriction site and a 3’ SalI 
restriction site.  
 
2.3.10 Mammalian Cells Expressed HA-fusion Slug Proteins 
For the cloning of the full length Slug, its C’-terminal EX, N’-terminal ZNF portions and 
various truncated mutants into pDHA, primers were designed to introduce a 5’ EcoRI 
restriction site and a 3’ NotI restriction site. Suitable overlapping primer pairs were used to 
generate substitutions in amino acids predicted to harbor NLS (Mut NLS1: K8G, K9G, 
K15G, K16G and Mut NLS2: K146A, K148A, R157A K158A) and NES (Mut NES: L66A, 
L70A, L74A, L77A) as well as to disrupt the cysteine residues (C188A, C191A, C216A, 
C219A, C243A, C246A) involved in maintaining the zinc finger structures of zinc finger 3, 4 
and 5. Sequences of the primers used are available upon request.  
 
2.4 Protein Techniques 
2.4.1 Recombinant Protein Preparation 
2.4.1.1 Bacterial Expression and Purification of E.coli expressed GST-fusion Constructs 
of ZO-2, Slug and Snail 
E.coli BL21 (λDE3) CaCl2-competent cells were transformed with one of the ZO-2, Slug or 
Snail construct described above. A single transformed colony was grown o/n in LB, 
 58 
supplemented with ampillicin (100 μg/μl). 20ml of o/n bacterial culture was inoculated into a 
2 L three-baffled flask (Bellco Glass Inc.) containing 800 ml of 1x LB and incubated at 37ºC 
at 250 rpm until an A600 of 0.8 (2 to 3 h) was reached. Upon reaching this OD, expression of 
the protein of interest was induced by using 0.5mM IPTG. After 3 h of incubation at room 
temperature, the cells were harvested and lysed in 25ml of lysis buffer (PBS with 137 mM 
NaCl, 0.125 g of lysozyme per 25 ml of buffer, 1 tablet of protease inhibitor mixture (Roche 
Molecular Biochemicals) per 50 ml of buffer, DNaseI 25 μg/ml, 1 mM DTT). The lysate was 
then subjected to sonification with short intervening pause. The lysate was centrifuged at 
18000rpm in a Beckman centrifuge using a SS34 rotor for 1 h at 4ºC. This was followed by 
another round of centrifugation if the lysate did not appear to be clear. The supernatant was 
then incubated with 1ml of GSH Sepharose (Amersham Biosciences, Inc.) beads pre-washed 
with 3 volumes of lysis buffer, for 3 h at 4ºC. Following the incubation, the beads were 
washed 3 times: twice with 25 ml volume of high salt PBS washing buffer (PBS of 500 mM 
NaCl, 1 mM EDTA, 1 mM DTT, 0.5% NP40, EDTA-free protease inhibitor cocktail tablet 
(Roche Diagnostics GmbH)) and once with a low salt PBS washing buffer (PBS of 150 mM 
NaCl, 1 mM EDTA, 1 mM DTT, 0.5% NP40, EDTA-free protease inhibitor cocktail tablet 
(Roche Diagnostics GmbH)) in a 50 ml falcon tube (BD Bioscience) with low speed 
centrifugation in a Beckman centrifuge at 3000 rpm 4ºC for 10 m, followed by the aspiration 
of the washing buffers. The beads were then transferred to a poly-prep chromatography 
column (Bio-Rad Laboratories), followed by the addition of an equal volume of the elution 
buffer (PBS with 20mM glutathione, 500 mM NaCl, 1 mM EDTA, 1 mM DTT, 0.5% NP-40, 
complete EDTA-free protease inhibitor cocktail tablet (Roche Diagnostics GmbH)). This was 
done thrice for each sample to be purified resulting in 3 fractions of the eluted protein of 
interest. Bradford assay was carried out on the elute and appropriate fractions were pooled 
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and dialyzed in PBS using a slide-A-lyzer dialysis cassette with a 10,000 MWCO (Pierce). 
Any protein that was precipitated out will be removed by a subsequent centrifugation step.  
 
2.4.1.2 Bacterial Expression and Purification of E.coli expressed MBP-fusion 
Constructs of Slug 
The procedure for bacterial expression and purification of E.coli expressed MBP-fusion 
constructs of Slug was largely similar to the way GST-fusion protein was expressed and 
purified with the following modifications. The LB used included 0.2% glucose to suppress 
the expression of amylase that can degrade amylose on the affinity resins. Expression of the 
protein of interest was induced by using 0.3 mM IPTG. Washing of the bacterial culture and 
MBP-fusion proteins bound amylose resins were carried out with column buffer (For 1 L 
column buffer: 20 ml 1 M Tris-HCL, pH 7.4, 11.7 g NaCl, 2 ml 0.5 M EDTA). Elution of the 
MBP-fusion proteins was with column buffer with 10mM maltose. 
 
2.4.2 Cell lysis and homogenate preparation 
1 ml of 1X electrophoresis running buffer was used to lysis cells growing on 10 cm tissue 
culture dish after 3 washing with PBS. The lysate was scrapped from the dish into 1.5 ml 
ependorf tubes prior to low power sonification to reduce the viscosity of the lysate by 
breaking up the DNA strands. The sample was spun down at maximum speed for 10 m 
before the concentration was determined via Bradford assay. 
  
2.4.3 Nuclear and Cytoplasmic Extraction 
Nuclear and Cytoplasmic Extraction was carried out using NE-PER® Nuclear and 
Cytoplasmic Extraction Reagents following the manufacturer’s instructions. 50 μl of the 
Nuclear Extraction Reagent and 100 μl of Cytoplasmic Extraction Reagent were used for 
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extracting the various fractions. To determine the amount of SNAI2 mutant proteins present 
in nucleus as compared to the nuclear + cytosolic (T) fraction, 20 μl of the proteins from the 
nuclear pool (N) and a similar portion from the nuclear pool and 40 μl from the cytosolic 
fraction were combined to form the nuclear + cytosolic (T) fraction. They were loaded side 
by side on a SDS-PAGE gel so that the proportion of the mutant SNAI2 present in the 
nucleus with respect to the total in both the nucleus and cytosol can be determined by 
densitometry scan after Western blotting.  
 
 
2.5 Protein analysis 
2.5.1 Bradford Assay 
Bradfore reagent (Biorad) was diluted 1 part in 5 with dH2O and sample volume ranging 
from 1 to 5 µl was used to be read at A595 nm using a spectrometer. The reading obtained 
was converted to the corresponding concentration in µg/µl using a standard curve derived 
prior to sample measurement using a BSA standard. 
 
2.5.2 Western blot 
SDS PAGE: The resolving gel (0.125 M Tris Glycine (pH 8.9), 8-12% (depending on the 
proteins to be analyzed) Acrylamide-Bis, 0.1% SDS, 0.05% TEMED and 0.05% APS) was 
cast and overlayed on the stacking gel (0.125 M Tris Glycine (pH 6.9), 5% Acrylamide-Bis, 
0.1% SDS, 0.05% TEMED and 0.1% APS). 
 
The electrophoresis running buffer (RB) consisted of 0.125 M Tris, 0.l M glycine and 0.5% 
SDS. To verify protein expression, 30-80 ug of total protein was dissolved in sample buffer 
(6% SDS, 85% L-sucrose, 0.125% bromophenol blue and p-mercaptoethanol) and heated at 
95°C for 5 minutes, prior to loading on to the gel. Pre-stained kaleidoscope protein molecular 
 61 
weight markers (Bio Rad) were used to estimate the molecular weight of the proteins under 
study. 
 
Wet transfer and Immunoblotting: Following the SDS PAGE, the gel was briefly washed in 
transfer buffer (25 Mm Tris-HCI, 0.19 M glycine, 20% methanol and 0.05% SDS, pH 7.5). 
The PVDF membranes (Millipore) to be used were first wetted in 100% methanol followed 
by the transfer buffer. A sandwich consisting of Whatmann 3mm filters, the polyacrylamide 
gel and the PVDF membrane stacked in the correct orientation was assembled. Proteins 
transfer from the gel to the membrane was performed either at 4°C, 100 V for 2 h or at 4°C, 
40 V overnight in transfer buffer. 
 
Following the transfer, the PVDF membrane was washed using PBS-Tween buffer (0.1% 
Tween in PBS) and blocked for an hour with 5% milk powder in PBS-Tween buffer. The 
membrane was then washed twice for 10 minutes each time, followed by 1 h incubation with 
primary antibody with the appropriate dilution in PBS-Tween buffer with 2% BSA (96%, 
fraction V, Sigma-Aldrich). After subsequent washes (3 times, 15 minutes), the membrane 
was incubated with the secondary antibody with the appropriate dilution in PBS- Tween 
buffer with 5% milk buffer. The membrane was washed again for three times spanning 30 
minutes and subjected to chemiluminescence detection (Amersham biosciences) following 









All antibodies used for Western blotting were diluted in 5% milk powder or 2% BSA in PBS 
0.1% tween buffer with the indicated dilution factor. The following commercially available 
primary antibodies were used: rabbit anti-ZO-1 (Zymed Laboratories, South San Francisco, 
CA, Cat. #61-7300) 1:500, rabbit anti-ZO-2 (Zymed Laboratories, South San Francisco, CA, 
Cat. #71-1400) 1:500, mouse anti-ZO-2 (Zymed Laboratories, South San Francisco, CA, Cat. 
#37-4700) 1:500, rabbit anti-ZO-3 (Zymed Laboratories, South San Francisco, CA, Cat. #36-
4000) 1:500, goat polyclonal anti-Slug antibody (Santa Cruz, Cat. #SC-10436) 1:200, rabbit 
anti-Cyclin D1 (Santa Cruz, Cat. #SC-717) 1:500, mouse anti-laminB1 (Abcam, Cat. #3046-
100) 1:3000, rabbit anti-α-tubulin (Abcam, Cat. #ab15246-500) 1:3000, mouse anti-GAPDH 
(Chemicon, Cat. #MAB374) 1:20000, R29.6 monoclonal anti-MBP (Abam, Cat. #ab65), 
rat monoclonal anti-Hemagglutinin (HA) (Roche Diagnostics, Indianapolis, IN, Cat. 
#1867423) 1:1000, mouse anti-Flag (Sigma, Cat. #F3165) 2μg/10ml, mouse anti-Myc 
antibodies (Roche Diagnostics, Indianapolis, IN, Cat. #11667149001) 1:3000, rabbit anti-
GST (Santa Cruz, Cat. #SC-459) 1:1000, mouse anti-MBP (abcam, Cat. #R29.6) 1:1000, 
rabbit anti-GFP (Biovision, Cat. #3999-100) 1:1000.   
 
As for the secondary antibodies, the following commercially available secondary antibodies 
were used at 1:3000: bovine anti-goat horseradish peroxidase (HRP)-labeled secondary 
antibodies (Santa Cruz, Cat. #SC-2350), donkey anti-goat HRP (Santa Cruz, Cat. #SC-2020), 
goat anti-rat HRP (Santa Cruz, Cat. #SC-2006). goat anti-rabbit HRP (Bio-Rad, Cat. #170-
6515) and goat anti-mouse HRP (Bio-Rad, Cat. #170-6516).  
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All antibodies used for immunofluorescence were diluted in 1% BSA PBS. The following 
commercially available primary antibodies were used: mouse anti-ZO-2 (Zymed 
Laboratories, South San Francisco, CA, Cat. #37-4700) 1:500, mouse anti-SC-35 (Sigma-
Aldrich, Cat. #S4045) 1:500, rabbit anti-Slug Ctr antibody (Abgent, Cat. #AP2053a) 1:100, 
rabbit anti-Cyclin D1 (Santa Cruz, Cat. #SC-717) 1:100, rat monoclonal anti-Hemagglutinin 
(HA) (Roche Diagnostics, Indianapolis, IN, Cat. #1867423) 1:100, mouse anti-Flag (Sigma-
Aldrich, Cat. #F3165; 2μg/10ml) mouse anti-PCNA (Abnova, Cat. #5111-M02) 1:100. 
Fluorescently labeled (Alexa 488 and 594) secondary antibodies were from Molecular Probes 
(Eugene, OR) 1:1000. 4-6-Diamidino-2-phenylindole (DAPI) (Molecular Probes, Cat. 
#D1306) with a concentration of 300nM in PBS was used to stain the nuclei of cultured cells. 
 
2.6 Protein Interaction Studies 
 
2.6.1 GST binding assay 
GST, GST-Slug, GST-EX, GST-ZNF were produced and purified as described above were 
bound to glutathione Sepharose-4B (Amersham Biosciences, Piscataway, NJ) following 
standard protocols. Bound proteins were quantified by SDS-PAGE by comparing with known 
amounts of BSA as standards. A 15 cm dish of MDCK cells were grown to ~80-90% 
confluence and lysed in cold buffer B (PBS with 1% TX-100 PBS, 1 mM EDTA, Complete 
EDTA free protease inhibitor cocktail (Roche Diagnostics, Indianapolis, I N), 1 mM 
dithiothreitol (DTT), 300 μg/ml Benzamidine), and put through a single freeze-thaw cycle. 
The lysate was centrifuged at 13000 rpm for 10 minutes at 4ºC to obtain a clear supernatant. 
30 l bed volume of glutathione Sepharose-4B carrying 20 g of GST or GST fused Slug 
derived, full length or truncated proteins were incubated with 200 l of the MDCK cell 
lysate, containing 1.5 mg of total protein, for 3hrs at 4ºC. The beads were washed with 500 l 
of cold buffer B for 3 washes. This was followed by resuspension in 30l of SDS sample 
 64 
buffer and heating of the sample at 95ºC for 5 minutes. The analysis of the bound proteins 
were carried out by running 25 l of the sample through a 10% SDS-PAGE gel followed by 
autoradiography using suitable antibodies.  
 
2.6.2 Importin binding.  
GST-importin fusion proteins were kindly provided by Pascal Beguin (Institute of Molecular 
and Cell Biology, Singapore). Bound proteins were quantified by SDS-PAGE using given 
amounts of BSA as standards. 3 μg of GST-importin β1, α1, α3, α4, α5, α6 or α7 were each 
incubated with 5 μg of purified MBP-SNAI2 or MBP-ZNF in 300μl of 1% Triton X-100 
PBS. After incubating for 2 h, 30 μl bead volume of GST beads were added followed by an 
additional 1 h incubation. After washing the beads three times with 1% Triton X-100 PBS, 
bound proteins were eluted in SDS-sample buffer. The samples were separated by SDS-
PAGE and analyzed by Western blot. 
 
2.6.3 TNT in vitro translation binding assay 
In vitro translation was carried out using Quick Coupled T7 TNT System (Promega, Madson, 
WI) according to the manufacturers protocol. Slug, EX and ZNF cloned into the pDHA 
vector were in vitro translated and labeled with 35S Methionine. GST, GST-ZO-2 SGA, 
GST-ZO-2 SH3, GST-ZO-2 GA, GST-ZO-2 AP and GST-ZO-2 P were produced and 
purified as described above were bound to glutathione Sepharose-4B (Amersham 
Biosciences, Piscataway, NJ) following standard protocols. Purified GST-fusion proteins 
were quantified by SDS-PAGE by comparing with known amounts of BSA as standards. 20 
l bed volume of beads carrying 20 g of GST or the above GST fused ZO-2 truncated 
proteins were incubated with 10 l of in vitro translated 35S Methionine labeled, HA tagged 
Slug, EX or ZNF and topped up with 200 l of buffer B (PBS with 1% TX-100 PBS, 1 mM 
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EDTA, Complete EDTA free protease inhibitor cocktail (Roche Diagnostics, Indianapolis, 
IN), 1 mM dithiothreitol (DTT), 300 μg/ml Benzamiidine) for 3 h at 4ºC. The beads were 
washed three times with 500 l of buffer B each time. This was followed by resuspension in 
30l of SDS sample buffer and the analysis of the bound proteins by running through a 15% 
SDS-PAGE gel and autoradiography, with a 2 to 3 day exposure period. To reciprocate the 
binding, GST, GST-Slug and GST-ZNF were used as baits. They were incubated with in 
vitro translated MYC-ZO-1GA, MYC-ZO-1GA or MYC-ZO-3GA and probed for the 
presence of the different MYC-ZOs GA domains using mouse anti-myc antibodies (Roche 
Diagnostics, Indianapolis, IN). GST-ZO-2 SGA was used to check for binding to in vitro 
translated HA-Snail. The presence of HA-Snail was checked using rat anti-HA antibodies 
(Roche Diagnostics, Indianapolis, IN). 
 
2.6.4 Co-Immunoprecipitation 
pDHA-Slug and pcDNA-Flag-ZO2 or pcDNA-Flag-ZO2∆GA were co-transfected into COS1 
cells and then lysed after 24 h using lysis buffer (10 mM Tris HCl pH 7.9, 150 mM NaCl, 
0.02% sodium azide, 1% Triton X-100, 1% sodium deoxycholate, 1%BSA, protease inhibitor 
cocktail tablet). 500 μl of the lysates were then incubated with the 30 μl bed volume of the 
immobilized anti-HA resins for 3 h followed by 3 washes with washing buffer (for 100 ml 
washing buffer: 0.5 ml 2 M Tris HCl pH7.9, 3 ml 5M NaCl, 100μl Triton X-100, top up with 
dH20). This was followed by resuspension in 30l of SDS sample buffer without any 
reducing agents and heating of the sample at 95ºC for 5 minutes. The analysis of the bound 
proteins were carried out by running all 25 l of the sample through a 10% SDS-PAGE gel 
followed by detection with mouse anti-Flag (Sigma-Aldrich) 2 μg/10ml or rat anti-HA 
(Roche Diagnostics, Indianapolis, IN) 10 μg/10 ml followed by goat anti-mouse HRP and 
goat anti-rat HRP respectively at 1:3000. 
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2.7 RNA Techniques 
2.7.1 RT-PCR 
RT-PCR was carried out using OneStep RT-PCR kit (QIAGEN) according to the 
manufacturer’s instructions. 0.5 μg RNA was used for each reaction with the following 
parameters: reverse transcription 30 minutes 50ºC, initial PCR activation step 15 minutes 
95ºC, denaturation 1 minutes 94ºC, annealing 2 minutes 55ºC or 65ºC (for increased 
stringency), extension 3 minutes 72ºC, number of cycles 30, final extension 10 minutes 72ºC. 
Primers used for RT-PCR were:  
Canis lupus familiaris Slug:   
FPr: 5’-ATGCCGCGCTCCTCCCTG-3’ and  
RPr: 5’-CAG TGTGAGTTCTAATGTGTC-3’ 
Canine CCND1:  
FPr: 5’-ACACCAGCTCCTGTGCTGCG-3’ and  
RPr: 5’-CGATCTTCCGCATGGACGGC-3’,  
Canis lupus familiaris GAPDH:  
FPr: 5’-TGGTGAAGGTCGGAGTCAACGG-3’ and  
RPr: 5’-GTTGATGACAAGCTTCCCGTTCTC-3’. 
 
2.8 Cell culture Techniques 
2.8.1 Cell culture 
The cell lines commonly used during the study were COS-1, 293T, MCF7 and MDCK. They 
were cultured in Dulbecco's Modified Essential Medium (DMEM-low glucose) with 10% 
FCS and supplemented with Penicillin/Streptomycin and L-Glutamine, at 37°C, 5% CO2 and 
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95% humidity. In the case of MDCK cells, they were either seeded sparsely (1x104 cells/cm2) 
or densely (7x104 cells/cm2). 
 
2.8.2 Freezing of cells 
The cells to be frozen for maintenance of stocks were grown to subconfluency in 10 cm 
dishes, trypsinised and spun at 1000 rpm in a 15 ml falcon tube for 5 min. After the spin, the 
medium was carefully aspirated without disturbing the pellet and 1 ml of freezing medium 
consisting of 20% FCS and 10% DMSO in complete medium was added and the pellet was 
re-suspended. The re-suspended cells were transferred into a sterile and labeled cryovial to be 
placed on ice for 15 minutes. After 15 minutes on ice, the cells were stored in minus 20ºC 
freezer for short term storage or subsequently transferred to the liquid nitrogen tank for long 
term storage. 
 
2.8.3 Thawing of cells 
Frozen cells were quickly thawed by placing the cryovial in a 37°C water bath. Once the cells 
were thawed, they were transferred to a 15 m1 falcon tube containing 9 ml of medium and 
spun at 1000 rpm for 5 min. The medium was carefully aspirated and the pellet re-suspended 
in 5 ml of fresh medium and transferred to a 10 cm tissue culture dish with 5 ml of medium. 
 
2.8.4 Transfection 
Cells to be transfected were seeded at either 1.5x104 cells/cm2 (in the case of SW837) or 
3.5x104 cells/cm2 (all other cell lines). The plasmid DNA from midiprep was used for 
transfection of cells. A combination of lipofectamine plus and reagent or lipofectamine 2000 
along with optimem I (Invitrogen) were used, following the manufacturer's protocol. 
Transfected cells were analyzed 24 or 48 h after transfection. 
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2.8.5 Generation of stable cell lines 
cDNAs in mammalian expression vectors were transfected into cells using Lipofectamine 
2000 (Invitrogen) and maintained for 24 h prior to treatment with G418 (Calbiochem) and a 
selection period of 3-4 weeks until clones appear. Multiple clones were picked with cloning 
rings, combined and expanded until they reach a number suitable for further concentration by 
cell sorting. These combined positive clones were further screened with Western blot and 
immunofluorescence. 
 
2.8.6 Growth of cysts in 3D matrigel 
Stable cell lines of pEGFP, pEGFP-Slug, pEGFP-W199A were used to generate cysts by 
growing in BD Matrigel™ Matrix (BD Bioscience) which is derived from the Engelbroth-
Holm-Swarm (EHS) mouse sarcoma, a rich source of ECM proteins, and composed of 
laminin, collagen IV, nidogen/enactin and proteoglycan - a composition comparable to 
basement membrane proteins. Growth of cysts were carried out as such, briefly, 50 μl of 
growth factor reduced BD matrigelTM matrix was diluted to 50% with 50μl of DMEM 
Complete Media. 25μl of the mixture was used to coat the surface of the cover-slide, placed 
in a 24 well format plate, and allowed to solidified in a 5% CO2, 37ºC incubator. The stable 
cells were then trypsinized into single cell suspension and counted before diluting in the 
DMEM Complete Media to give 25000 cells/ml. 200μl of the cells were mixed with 200μl of 
growth factor reduced BD matrigelTM matrix (BD Bioscience) to give 5000 cells in matrix 
suspension which is then added onto the coated cover-slide. The mixture was allowed to 
harden again before another 25μl of the diluted matrix was overlaid onto the top of the 
solidified matrigel. 1ml of the culture medium was later added when the top of the matrigel 
had hardened. Cells were fed every 3 days and grown for 4 to 17 days. Visualization of the 
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cysts with lumen formation and apoptosis in the centre was performed by adding GelRedTM 
Nucleic Acid Gel Stain (Biotum) into the culture medium at a 1:10000 dilution with an 
incubate time of 30 minutes. The live cells images were then be viewed and captured with a 
Nikon Eclipse TE2000-S inverted microscope fitted with a Mercury lamp. Images from 
several fields and various depths were taken and the diameters of the cysts were determined 
as well as the number of cysts with or without lumen.   
 
2.9 Microscopy 
Live cell imagining was carried out using the Nikon Eclipse TE2000S inverted microscope 
while immunofluorescence was carried out using the Zeiss Axio Imager M1 upright 
microscope. 
 
2.10 Immunofluorescence  
MDCK cells grown on coverslips or in matrigels were washed three times with phosphate-
buffered saline (PBS) followed by fixing for 30 minutes in 4% paraformaldehyde (PFA) 
pH7.4 on ice. Fixation step was stopped by quenching with 50 mM NH4Cl-PBS for 10 
minutes. This was followed by permeabilization with 0.1% Triton X-100 PBS for 3 minutes 
followed by 3 subsequent washes with PBS within 5 minutes. They were then blocked for 30 
minutes in 1% BSA in PBS at room temperature. Following which, the fixed cells or cysts in 
the case of growth in 3D matrigels were incubated with Zymed mouse anti-ZO2 (1:100) and 
ABGENT rabbit anti-Slug (1:50) at room temperature for 1 h. After 3 washes, the cells were 
incubated with the secondary antibodies (1:1000) Alexa FluorR 594 donkey anti-mouse IgG 
(1:1000) and Alexa FluorR 594 donkey anti-rabbit IgG (1:1000 in blocking solution) for 1 h 
at room temperature. Where cysts were grown in matrigels, the Slug and W199A protein can 
be visualized directly as they were GFP tagged, likewise for the control which was GFP. 
 70 
After a final three washes with PBS, the coverslips were mounted with Crystal/MountTM 
(Biomeda). The images were captured using a Zeiss AxioplanTM microscope equipped with 
the Zeiss AxioVision Imaging SystemTM.  
 
2.11 siRNA knock down of ZO-2 
The following siRNAs were used for knocking down ZO-2: 
si ZO-2 Primer 1: 5’ AAUUCAACAGGUCCACAGCUUUAGG 3’ 
si ZO-2 Primer 2: 5’ CCUAAAGCUGUGGACCUGUUGAAUU 3’ 
si Ctrl Primer 1: 5’ GCAACAGUCAGUCCGUCUA 3’ 
si Ctrl Primer 2: 5’ UAGACGGACUGACUGUUGC 3’ 
siRNA ZO-2 was adapted from Lorenza Gonzalez-Mariscal et al. (Experimental Cell 
Research 313 (2007)). The siRNA with a final RNAi duplex concentration of 10nM was 
delivered into MDCK cells with LipofectamineTM RNAiMAX according to the 
manufacturer’s instruction. The transfected cells were incubated for 3 days before proceeding 
onto the other downstream assays. 
 
2.12 Functional Studies 
2.12.1 LiCl and MG132 treatment  
To inhibit GSK3β or proteasomal activity, control MDCK cells or cells stably expressing 
GFP, GFP-SNAI2, GFP-W199A or transiently expressing HA-SNAI2 were grown in 
medium supplemented with 40 mM LiCl (Sigma-Aldrich, L7026), 10 µM MG132 (Sigma-





2.12.2 Cell proliferation assay 
Cells from the various stable lines, including MDCK, MDCK GFP, MDCK GFP-Slug and 
MDCK GFP-W199A, were grown, trypsinized and separated by constant pipetting, before 
they were counted with a hemacytometer and diluted to a fixed concentration. They were 
then seeded onto 96 well plates in quadruplets to give 0.5x104 cells per well. 100 μl of 
complete culture medium was added into each well following 24 h of incubation at 37ºC in 
5% CO2. 100 μl of cell proliferation reagent WST-1 (Roche, cat no. 05015944001) was 
added into each well and the absorbance at 450 nm was measured at different time points 




















3.1 Identification of proteins interacting with the ZO-2SGA domain using a 
yeast two hybrid screen 
A yeast two-hybrid screen was performed using the SH3-GUK-Acidic (SGA) domain of 
canine ZO-2 (amino acids 575-945) as the bait. This domain was fused in-frame to the 
GAL4 DNA binding domain of the yeast expression vector pGBKT7. Screening was 
carried out with a pre-transformed mouse 17 day embryo cDNA library fused to the 
GAL4 transactivator domain in the yeast expression vector pGADT7.  
 
Fig. 3.1 SGA domains of ZO-1, ZO-2 and ZO-3. The ZO-2 SGA (SH3, GUK and 
Acidic) domain was used as bait in a yeast two-hybrid screen.   
 
 
3.1.1 Verification of the interaction of with ZO-2SGA using QDO selection, 
-gal and -gal assays 
Positive clones were screened with a quadruple (-Trp, -Leu, -His, -Ade) dropout media 
(QDO) for high stringency and tested for α- and β-galactosidase activities while the 
presence of 'bait' and 'prey' plasmids in co-transformed cells was shown by growth on 
double drop-out (DDO) plates lacking leucine and tryptophan. One particular clone 
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named 30A was found to grow on QDO media and turned blue in both the α-Gal Assay 
and β-Gal assays. This indicated the binding of the ZO-2 SGA bait to an unknown prey 
from the library leading to the activation of various promoters for survival in QDO media 
and expression of α-galactosidases and β-galactosidases that elicited the color change in 
media containing X-gal. The library plasmid of this positive clone 30A was isolated, 






30AC 2.5Hrs 2.5Hrs 
β -Gal Assay Growth on QDO Media α -Gal Assay 
 
 
Fig. 3.1.1 Yeast two hybrid screen carried out with ZO-2SGA as bait. The 
yeast two hybrid screen resulted in the isolation of a clone designated 30A, 
encoding full-length Slug, which was further tested by co-transformation with 
either pGBKT7 or pGBKT7-ZO-2SGA using quadruple dropout media (QDO) 
which lacked leucine, tryptophan, histidine and adenine as well as, α- and β-
galactosidase assays. The presence of 'bait' and 'prey' plasmids in co-transformed 
cells was shown by growth on double drop-out (DDO) plates lacking leucine and 
tryptophan. pGADT7-Laminin C + pGBKT7-p53, pGBKT7 + pGADT7, 
pGBKT7-ZO-2SGA + pGADT7, and pGBKT7 + pGADT7-Slug, were all used as 
negative controls while pGADT7-T-Ag + pGBKT7-p53 served as the positive 
control. (-: pGADT7-Laminin C + pGBKT7-p53, +: pGADT7-T-Ag + pGBKT7-
p53, CC: pGBKT7 + pGADT7, CP: pGBKT7-ZO-2SGA + pGADT7, 30AC: 
pGBKT7 + pGADT7-Slug, 30A: pGBKT7-ZO-2SGA + pGADT7-Slug) 
 
 
3.1.2 Slug interacts with ZO-2 SGA but not with ZO-1 SGA or ZO-3 SGA in a 
yeast two hybrid system 
The interaction was retested by transforming this Slug cDNA plasmid with bait vectors 
carrying the human ZO-1SGA domain (amino acids 490-883), the canine ZO-2SGA 
 74 
(amino acids 575-945), SH3 (amino acids 575-713), and GA domains (amino acids 714-
945), as well as the canine ZO-3SGA domain (amino acids 450-899). Interactions were 
determined by monitoring the growth of the co-transformed yeasts in selective media and 
β-galactosidase activity. It was observed that only yeast co-transformed with pGBKT7-
ZO-2SGA and pGADT7-Slug or pGBKT7-ZO-2GA and pGADT7-Slug grew on QDO 
selective media and showed β-galactosidase activity. Hence Slug did discriminately 
interact with the SGA domain of ZO-2 and not with those of ZO-1 or ZO-3, showing the 
existence of unique features within the ZO family members. Both empty pGBKT7 and a 
bait plasmid, with laminin cDNA were used as negative controls. No interaction was 
detected between Slug and laminin, nor was there an interaction of Slug with an empty 
library vector carrying the Gal4 DNA binding domain alone. Hence auto-activation and 














































pGBKT7-p53 - + 
 
Table 3.1.2 Interactions determined by monitoring the growth of the co-
transformed yeasts on selective media and their β-galactosidase activities. 
Growth (+) or not (-) of blue colonies was scored. Similar results were obtained 
under high (quadruple dropout medium) and low (triple dropout medium) 
stringency conditions. Empty bait (pGBKT7), empty library (pGADT7) and 
pGADT7-Laminin C served as negative controls. pGADT7-T-Ag and pGBKT7-
p53 were used as a positive control, as T-Ag and p53 were known to interact. 
Growth on dropout medium and β-galactosidase activities for yeasts co-
expressing ZO-2SGA or ZO-2GA with Slug, were similar to yeasts co-expressing 
T-Ag and p53. This serves as an indication of ZO-2 SGA and Slug binding. 
 
 
3.2  Verification of Slug as a ZO-2 interacting partner 
3.2.1 Slug binds endogenous ZO-2 via its zinc finger containing domain 
To verify the specificity of Slug binding to ZO-2 and to map the site of binding for Slug, 
a GST binding assay was performed. GST, GST-Slug and GST-ZNF (the C-terminus of 
Slug that comprises only the zinc finger domains) were incubated with MDCK cell lysate 
and probed for the presence of ZO-1, ZO-2 or ZO-3. It was found that ZO-2 could be 
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captured by GST-Slug and GST-ZNF. Likewise ZO-3 was also captured, albeit to a much 
lesser extent, by GST-Slug and GST-ZNF. Only ZO-1 did not bind GST-Slug or GST-
ZNF. Hence Slug binds mainly to ZO-2, with the zinc finger domain being responsible 







Fig. 3.2.1 GST binding assay using GST, GST-Slug and GST-ZNF (the C-
terminus of Slug that comprises of only the zinc finger domains). These purified 
GST-fusion proteins of Slug were incubated with MDCK cell lysate and 




3.2.2 The GUK domain of ZO-2 mediates binding to the zinc finger domain of Slug 
In an attempt to map the domain within ZO-2SGA that binds Slug, GST-ZO-2SGA, 
GST-ZO-2SH3, GST-ZO-2GA, GST-ZO-2AP (acidic and proline-rich domain) and 
GST-ZO-2P (proline-rich domain) were used for binding assays with HA-Slug, HA-EX 
(the N-terminus region of Slug excluding the zinc finger domain) and HA-ZNF (the C-
terminal zinc finger domains). The results showed that the AP domain showed a weak 
interaction, if any, with Slug or its ZNF domain, whereas no binding was detected for 
GST-ZO-2P (Fig. 3.2.2). In contrast, the GA domain exhibited efficient binding, 
comparable to that obtained for the interaction between ZO-2SGA and GST-Slug or 
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GST-ZNF. Taken together, these data show that the GUK domain mediates efficient 
interaction with the ZNF domain of Slug. 
 
Fig. 3.2.2 GST binding assay using GST-ZO-2SGA, GST-ZO-2SH3, GST-
ZO-2GA, GST-ZO-2AP and GST-ZO-2P. These GST-fusion proteins of ZO-2 
were radio-labeled with 35S-Methionine via a Quick Coupled T7 TNT System 
(Promega) and incubated with HA-Slug, HA-EX and HA-ZNF, washed and 
analyzed by SDS-PAGE and autoradiography. The GST-fusion proteins of ZO-2 
with varying sizes were aligned in a single row in the loading lane to reflect the 
amount used.  
 
 
3.2.3 The Slug ZNF and ZO-2GA domain directly interact as determined in a TNT 
in vitro translation assay 
Since the binding of ZO-2 was mapped to the GA domain (see above), this region was 
used to establish a direct interaction with Slug. The ZO-1, ZO-2 and ZO-3 GA domains 
were individually produced by in vitro translation and assayed for their binding to Slug. 
MYC-ZO-2GA could be captured by GST-Slug and GST-ZNF. In contrast, neither 
MYC-ZO-1GA nor MYC-ZO-3GA was pulled down by GST-Slug or GST-ZNF.  Hence 
these findings indicate that Slug binds ZO-2 directly and confirm the earlier observations 







Fig. 3.2.3 GST binding assay between GST, GST-Slug, or GST-ZNF with 
MYC-ZO-1GA, MYC-ZO-1GA or MYC-ZO-3GA. Following binding, the 
presence of the different MYC-ZO GA domains in the GST-pull downs was 
probed with anti-MYC antibodies. 
 
3.2.4 ZO-2 and Slug co-immunprecipitate 
To verify the binding of full length ZO-2 to full length Slug in a cellular context, HA-
Slug and Flag-ZO-2 or Flag-ZO-2ΔGA cDNA constructs were co-transfected into COS-1 
cells. Cell lysates were then immunoprecipitated with anti-Flag antibodies and probed 
with anti-HA antibodies. Alternatively, anti-HA immunoprecipitates were probed with 
anti-Flag antibodies. 
 
When Flag-ZO-2 was immunprecipitated, HA-Slug could be detected when wild-type 
ZO-2 was used, but not in the case where the GA truncated form of Flag-ZO-2 was used. 
On the other hand, when HA-Slug was immunprecipitated, Flag-ZO-2 but not Flag-ZO-
2ΔGA was detected in the precipitates. Taken together, these data show that HA-Slug can 
bind to Flag-ZO-2 but not to Flag-ZO-2ΔGA in a cellular context.  
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Fig. 3.2.4 Co-immunoprecipitation (IP) assays of Slug and ZO-2 were carried 
out using COS1 cells transfected with HA-Slug and Flag-ZO-2 or Flag-ZO-2ΔGA 
constructs. Equal amounts of total protein were used to immunoprecipitate HA-
Slug or Flag-ZO-2. Following SDS-PAGE, the co-precipitation of ZO-2 or Slug, 
respectively, was monitored by Western blot analysis using antibodies to the Flag 
or HA tags, respectively.  
 
3.2.5 Mapping the crucial amino acids of Slug involved in binding to ZO-2  
Mapping of the crucial amino acids involved in binding to ZO-2 GUK was aided by 
molecular dynamics simulations using the known crystal structures of closely related proteins 
such as the zinc finger protein Zif268 [154] and the GUK containing PSD95 [25] as 
templates for the zinc finger 3 of SNAI2 and the GUK of ZO-2.  
 
To elaborate on this process, well-studied crystallized structure of PSD-95 (PDB file 1KJW) 
was used for modeling the docking site for Slug on ZO-2. Although there are several domains 
in PSD-95, only the well-conserved GUK domain (A534 to V563, and V613 to L724) was 
use in this case for modeling ZO-2 GUK. The classification of the various domains of PSD-
95 is given below. 
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Classification of the various PSD-95 (1KJW) domains: 
SH3 Domain: G430 to K503 
HOOK Domain: W507 to Y533 
GUK domain: A534 to V563, V613 to L724 
NMP Domain (part of GUK domain): P564 to S612  
 
In the case of Slug, the C2H2 zinc finger Zif268 in complex with DNA from PDB 1A1H, was 
used as template for Slug ZNF3, 4 and 5 in modeling its binding to ZO-2 GUK. This was due 
to availability of its crystal structure and its exhibition of good homology with Slug. In the 
alignment, the Zif268 (1A1H) consist of 3 C2H2 zinc fingers. Full length Slug consists of 4 
C2H2 zinc fingers while zinc finger 5 is a C2HC zinc finger. The alignments of their zinc 
finger domains and the DNA base contact residues -1, 2, 3 and 6 (these numbers denote the 
positions from the start of each alpha helix) are shown below: 
 
ZNF3 ALIGNMENT 
Slug   186 CVCKICGKAFSRPWLLQGHIRTHTGEKP 213 
Zif268 107 CPVESCDRRFSQSGSLTRHIRIHTGQKP 134 
                          -1 23  6 
ZNF4 ALIGNMENT 
Slug   214 FSCPHCNRAFADRSNLRAHLQTHSDVKK 241 
Zif268 135 FQCRICMRNFSRSDHLTTHIRTHTGEKP 162 
                          -1 23  6 
ZNF5 ALIGNMENT 
Slug   242 YQCKNCSKTFSRMSLLHKHEESGC  265 
Zif268 163 FACDICGRKFARSDERKRHTKIHL  186 













Fig. 3.2.5a Three C2H2 zinc fingers of Zif268 
The above shows the three C2H2 zinc fingers of Zif268 (1A1H), used as a 
template, for modeling Slug ZNF3, 4, 5, and its association with DNA. The DNA 
base contact amino acid residues -1, 2, 3 and 6, which denotes the positions from 
the start of each alpha helix, are shown in blue. 
 
 
Fig. 3.2.5b Position of ZNF3 on ZO-2 GUK 
The above shows the position of ZNF3 on ZO-2 GUK. Interacting residues of ZO-2 
GUK shown in red, while the -1 2 3 6 residues of Slug are shown in magenta. Note 
that not all the DNA groove binding residues of Slug (in magenta) are involved in the 


















Fig. 3.2.5c The hydrophobic pocket of ZO-2 GUK domain. The above shows the 
ring side chain of W199 buried inside the hydrophobic pocket of ZO-2 GUK formed 
mainly by residues N848 D849 F852 I726 and A727. 
 
With the PSD-95 GUK serving as a template for ZO-2 GUK and the Zif268 ZNFs as the 
template for Slug ZNF3, 4, 5, we proposed that W199 is responsible for docking into the 
region between helix 8 (N848 D849 F852) and helix 2 (I726 A727) of ZO-2 GUK (fig. 
3.2.5c). This conclusion was based on the assumption that when 2 proteins interact, there will 
be a pocket or complementary surface to make the interaction stronger. W199 is a good target 
as there are evolutionary evidences that support a ring structure amino acid like tryptophan 




3.2.6 Tryptophan W199 in ZNF3 of Slug is critical for binding to ZO-2  
The ZNF region of Slug required for binding to ZO-2 contains 5 individual zinc finger 
domains (ZNF1-5). In order to narrow down the exact zinc finger domain(s) responsible 
for the interaction with ZO-2, a GST binding assay was carried out using various zinc 
finger truncated mutants of Slug (see Fig. 3.2.6). All constructs that harbored ZNF3 were 
able to interact with ZO-2. Furthermore, the presence of ZNF3 as the only zinc finger 
fused to the N-terminal EX domain (Construct 15, see Fig. 3.2.6) was sufficient to 
capture ZO-2. These experiments thus show that ZNF3 is both necessary and sufficient 
for the binding to ZO-2.  
 
In silico modeling of the structure of the GUK domain of ZO-2 revealed a hydrophobic 
pocket which, based on molecular dynamics simulations, could accommodate a 
tryptophan (W199) of ZNF3. This model for the interaction is reminiscent of findings 
obtained for other MAGUK proteins. For example, the GUK domain of the Ca
2+
 channel 
β subunit binds to I–II loop of HVA (high-voltage activated) α1 subunits via a tryptophan 
at position 386 [147]. In order to verify that the W199 in Slug indeed plays a role in the 
binding of Slug to ZO-2, a W199A point mutation was generated and tested in GST-
binding assays. As a control, two cysteine to alanine point mutations (C188A and 
C191A), predicted to affect the zinc finger structure, were generated. As shown in Fig. 
3.2.6 (construct 13), W199 was indeed found to be critical for binding to ZO-2. However, 
the zinc finger structure of ZNF3 was not critical since neither C188A nor C191A 




Fig. 3.2.6 GST binding assay using a series of GST-Slug derived truncated 
proteins indicated by numbers ranging from 0 to 28. They were incubated with 
MDCK cell lysate and probed for the presence of endogenous ZO-2 using specific 
antibodies against ZO-2. L: 15% loading input. Lower panel showed the amount 
of GST-Slug derived truncated protein (arrow heads) used for binding assay 
following Ponceaus S staining of the blot. 
 
 
3.2.7 Snail can bind ZO-2  
We have shown that ZO-2 and Slug associate and that the interaction is mediated by the 
GUK domain of ZO-2 and the third zinc finger in Slug, in particular W199. Alignment of 
the amino acid sequences of Slug and Snail revealed that the third zinc finger domains of 
Snail (Snail lacks the zinc finger domain corresponding to ZNF1 of Slug and starts with 
ZNF2) and Slug are highly conserved and only differ in three amino acids. More 
importantly, W199 in Slug crucial for binding to ZO-2 is conserved in the third zinc 
finger of Snail, raising the question whether Snail is also capable of binding to ZO-2. To 
test this possibility, GST-ZO-2 SGA was used in GST-pull-down assays to determine if 


























Fig. 3.2.7 GST-binding pull-down assay using GST-ZO2SGA and HA-Snail. 
GST-ZO2SGA captured the in vitro translated HA-Snail, while the control GST 
protein did not. GST-ZO2SGA was included as a background check for any non-
specific signals. The loading control for the various baits is shown on the lower 
panel (loading).   
 
3.3 Slug is a labile protein   
 
3.3.1 Slug is an unstable protein that is degraded via the GSK3β-proteasome 
pathway 
 
By immunofluorescence microscopy, endogenous Slug was only readily detected if 
MDCK cells were sparsely seeded or facing the edge of a wound, where the protein 
accumulated in the nucleus. In confluent cells, Slug staining was faint and localized to the 
cytoplasm and the nucleus. As shown in figure 3.3.1a, while the expression of Slug at the 
mRNA level was easily detected in MDCK cells, the protein could not be easily observed 
by Western blot analysis unless a sufficiently high amount of nuclear protein was loaded 






















































































































































Fig. 3.3.1a Presence of Slug at the mRNA level but not at the protein level. A) 
RT-PCR. Slug mRNA was amplified by RT-PCR from near confluent MDCK cells 
and MDCK cells stably expressing GFP-Slug as a positive control. B) Western blot 
analysis. The expression of Slug protein in MDCK cells or in cells transiently 
expressing HA-Slug, was monitored by Western blot using an antibody to Slug. Slug 
could not be detected in MDCK cells with a loading of 80 μg total protein unless the 
exposure time was lengthened, the tagged proteins however were readily detected. 
GAPDH was used as a loading control. 
 
Zhou et al. [114] made a similar observation when they screened 26 cancer cell lines for 
expression of Snail, which belongs to the same family as Slug. Since Snail is subject to 
rapid proteasomal degradation following phosphorylation by GSK-3β, I tested if this was 
also the case for Slug. Indeed, treating MDCK cells with the GSK-3β inhibitor LiCl and 
the proteasome inhibitor MG132, either alone or in combination, led to an increase in 
Slug proteins levels as evidenced by Western blot analysis (Fig. 3.3.1.b) and 
immunofluorescence microscopy (Fig. 3.3.1c). Interestingly, where ZO-2 was strongly 
seen in the nucleus of sparsely seeded cells, the staining for Slug was equally strong (Fig. 
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3.3.1c). This retention of both proteins inside the nucleus could be attributed to their 














Fig. 3.3.1b Increase in Slug protein levels in MDCK cells treated with a 
combination of LiCl and MG132. MDCK cells were treated with LiCl, MG132 or a 
combination of both for 5 h prior to the preparation of cytosolic and nuclear fractions. 
80 µg of total protein from both the cytosol and the nuclear fractions were 
subsequently analyzed by Western blot using anti-Slug antibodies. α-tubulin and 
lamin B1 were used as the loading control for the cytosolic and nuclear fractions 
respectively. The amount of endogenous Slug in the nuclear fraction of the inhibitor(s) 




Fig. 3.3.1c Increased Slug protein levels in MDCK cells treated with a 
combination of LiCl and MG132. MDCK cells were treated with LiCl, MG132 or a 
combination of both for 5 hrs prior to their fixation and subsequently staining with 
anti-Slug (green) and anti-ZO-2 (red) antibodies. In LiCl and MG132 treated cells, an 
enhanced staining for Slug was observed. Note that where ZO-2 was strongly seen in 
the nucleus of sparsely seeded cells, the staining for Slug was equally strong as well. 
 
The effect of LiCl and MG132 on Slug protein levels could also be demonstrated in GFP-
Slug and GFP-W199A stable MDCK cells, where the nuclear fluorescence of the 
respective GFP fusion protein was significantly enhanced in cell treated with a 
combination of LiCl and MG132 (fig. 3.3.1d). In the absence of the LiCl and MG132, the 
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majority of GFP-W199A fluorescence was barely detectable in contrast to GFP-Slug. 
Since GFP-W199A was controlled by the same CMV promoter as GFP-Slug and contains 
merely a single point mutation that abolished its binding to ZO-2, the weaker 
fluorescence of GFP-W199A might hint at a protective effect ZO-2 had on GFP-Slug but 
not its mutant. The lower expression of GFP-W199A can be excluded by the stronger 
staining observed when it was treated with LiCl and MG132, in contrast to GFP-Slug 









Fig. 3.3.1d LiCl and MG132 increased the nuclear staining of GFP-Slug and 
GFP-W199A in the respective stably transfected MDCK cells. MDCK cells stably 
expressing GFP, GFP-SNAI2 or GFP-W199A were treated for 6 hrs with LiCl and 
MG132, or not treated (Control). GFP protein expression was then monitored in life 
cells by fluorescence microscopy. Bars=50μm.  
 
One apparent difference between the GFP-Slug and GFP-Slug W199A cells when treated 
with LiCL and MG132 was the more fibroblastic morphology of the GFP-Slug cells (Fig 
3.3.1e). This was characterized by numerous protrusions and an increased distance 
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between nuclei of adjacent cells expressing GFP-Slug, as compared to the more cuboidal 
and compact morphology of GFP-W199A expressing cells (Fig. 3.3.1e). 
 
Fig. 3.3.1e LiCl and MG132 induce a more mesenchymal morphology of MDCK 
cells exogenously expressing GFP-Slug. LiCl and MG132 enhance the 
mesenchymal appearance of MDCK cells expressing GFP-Slug but not so for mutant 
Slug GFP-W199A. MDCK cells stably expressing GFP-Slug were treated for 6 hrs 
with LiCl, MG132 or both, or not treated (Control). GFP-SNAI2 expression was then 
monitored in life cells by fluorescence microscopy and the morphology of the same 
cells visualized by bright-field microscopy using a Nikon Eclipse TE2000S inverted 
microscope. Bars=50μm.  
 
The increase in Slug protein levels following LiCl and MG132 treatment observed by 
immunofluorescence microscopy was confirmed by Western blot analysis of treated or 
untreated cells stably expressing GFP-Slug or GFP-W199A, as well as cells transiently 
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expressing HA-Slug (Fig. 3.3.1e).While the GSK-3β and proteasome inhibitors led to a 




Fig. 3.3.1d LiCl and MG132 increase protein levels of stably or transiently 
expressed Slug. MDCK cells expressing GFP as a control, GFP-Slug (A) or HA-Slug 
(B) were treated (+) or not (-) with LiCl and MG132 for 5 hrs. Cell lysates were then 
analyzed by Western blot using antibodies to GFP or HA, respectively. 
 
These data indicate that by analogy to the related family member Snail, Slug undergoes 
efficient degradation via the GSK-3β-proteasome pathway.  
 
3.4 Nuclear localization of Slug  
3.4.1 Slug and its zinc finger domains localize to the nucleus 
To identify signals in Slug that affect its subcellular distribution, I have expressed GFP-
tagged Slug or different deletion constructs and mutants in MDCK cells and analyzed 
their subcellular localization by immunofluorescence microscopy. As shown in Fig. 












LiCl+MG132    -    +      -     +      -     + 
A) B) 
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finger domains (amino acids 129-269), were present in the nucleus of MDCK cells. Since 
the zinc fingers in Snail proteins bind DNA, the nuclear localization of GFP-ZNF at 
steady state could reflect passive diffusion between nucleus and cytoplasm and nuclear 
retention, or nuclear import and retention. Alternatively, nuclear localization of GFP-
ZNF may be independent of DNA binding in the presence of an active nuclear import and 
the lack of a nuclear export mechanism. To further explore these possibilities, I first 















































Fig. 3.4.1 Detection of Slug and deletion mutants by immunofluorescence 
microscopy and Western blot analysis. A) HA-tagged Slug and mutants lacking the 
C- (Slug-N) or N-terminal (Slug-ZNF) domains were expressed in MDCK cells and 
detected by immunofluorescence microscopy using antibodies to HA (Bar 20μm).  B) 
Lysates of MDCK cells transfected with HA-tagged Slug and mutants lacking the C- 
(Slug-N) or N-terminal (Slug-ZNF) domains detected by Western blotting using 
antibodies to HA. 
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3.4.2 Mapping of the zinc finger domains required for binding to E2-box type DNA 
elements 
 
To map the zinc fingers of Slug responsible for binding E2-box DNA elements, we generated 
various GST-tagged zinc finger constructs and monitored by electromobility gel shift assays 
(EMSA) their interaction with a biotinylated DNA element containing the E2 box of the E-
cadherin promoter (E-pal) (Fig. 3.4.2). Two or less zinc fingers were insufficient for E-pal 
binding (Fig. 3.4.2, lanes 3-5, 13, 14 and 19-23). At least three zinc finger domains were 
required for E-pal binding, but only in certain combinations. Zinc fingers 1 and 2 in 
combination with either zinc finger 3, 4 or 5, did not bind the DNA element (Fig. 3.4.2, lanes 
6, 11 and 12). Binding was detected if zinc finger 1 or 2 was combined with two of the 
remaining zinc fingers (i.e. zinc finger 3, 4 or 5; Fig. 3.5.2, lanes 15-18, 27 and 28). 
Alternatively, the three zinc fingers 3, 4 and 5 combined bound E-pal (Fig. 3.4.2, lane 24). 
Furthermore, the zinc finger structure was critical. Mutating the two cysteine residues in zinc 
finger 3 (amino acids 188 and 191), which are critical for the maintaining the zinc finger 
structure, abolished E-pal binding (Fig. 3.4.2, lane 26), whereas a control mutation (W199A) 
had no effect. 
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ZNF5











Fig. 3.4.2 Mapping of zinc finger domain in Slug important for E-pal binding. A) 
Schematic representation of mutants carrying the indicated truncations and deletions 
of the N-terminal (N) domain and the 5 C-terminal zinc fingers (ZNF1-5) of Slug. 
Two point mutations in ZNF3 that affect the structure of the zinc finger (C188A; 
C191A; lane 26) and a control mutation (W199A; lane 25) are indicated. B) Gel shift 
assay. GST-fusion proteins encoding the different Slug mutants were incubated with 
biotinylated E-pal DNA elements, subjected to PAGE, transferred to nylon 
membranes and detected with HRP-streptavidin and chemiluminescence. 
 
 
3.4.3 The zinc finger mediated interaction with DNA contributes to nuclear retention 
To explore a possible role for DNA binding by the zinc fingers and nuclear retention, HA-
tagged Slug constructs carrying different zinc finger deletions were expressed in MDCK cells 
and analyzed by immunofluorescence microscopy. The subcellular distribution of the 
proteins was scored depending on whether they predominantly localized to the nucleus or 
cytosol, or showed a diffused staining (Fig. 3.4.3a). With a few notable exceptions, there was 
a good correlation between the ability or inability of a particular construct to bind the E-pal 
element and a predominant nuclear or a diffused localization, respectively (Fig. 3.4.3b). The 
constructs in lane 7, 9 and 10 (Fig. 3.4.3b), did not bind the E-pal yet they showed a 
predominant nuclear localization, hence their zinc fingers might be able to interact with DNA 
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sequences other than E-pal. Alternatively, but not exclusively, mechanisms other than zinc 
fingers binding to DNA elements might be involved in the nuclear localization of Slug. 
Interestingly, among the constructs carrying 3 zinc finger domains, constructs in lane 12-16 
showed an increased cytosolic distribution as compared to constructs in lane 7-11 and 14. In 
addition, construct in lane 6, similar to construct in lane 16, were predominantly cytosolic. 
Common to all these constructs is the lack of zinc finger domain 1, suggesting that this 





















































































Fig. 3.4.3a Scoring and classification of the subcellular distribution of Slug 
constructs in transfected MDCK cells. HA-Slug constructs were expressed in 
MDCK cells and their subcellular localization analyzed by immunofluorescence 
microscopy and classified into predominantly nuclear (A and B), diffused (C), or 
predominantly cytosolic (D).  
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Fig. 3.4.3b The zinc fingers contribute to the nuclear localization of Slug. A) 
Schematic representation of Slug mutants carrying the indicated truncations and 
deletions. Mutants are numbered (1-25) in their various lanes for easy reference in the 
text. The locations of putative NLSs and a NES (see Fig. 3.4.4) are schematically 
indicated with black and blue triangles, respectively. The presence (+) or absence (-) 
of E-pal DNA binding capacity of the different construct based on EMSA assays (Fig. 
3.4.2) is indicated. B) Contribution of zinc fingers to nuclear retention. MDCK cells 
expressing the indicated Slug constructs were analyzed by immunofluorescence 
microscopy using antibodies to HA. The subcellular distribution of Slug in at least 
100 random HA-positive cells was scored as predominantly nuclear or cytosolic, or 




3.4.4 Identification in silico of putative NLSs and NESs 
In silico analysis of the Slug sequence identified consensus sequences for two NLSs and one 
NESs (Fig. 3.4.4). The first putative NLS 8KKHFNASKK16 (hereafter referred to as NLS1) 
and corresponds to a non-typical NLS with a consensus sequence (K/R)2Xn(K/R)2 [148]. The 
second putative NLS 158KHKQLHCDAQSRK170 (hereafter referred to as NLS2) and 
resembles the NLSs present in the E6 proteins of HPV56 and HPV16, KQLHCDRK and 
KQRHLDKK, respectively. In addition, 66LHSPLPSGLSPL77 encodes a putative NES of the 














Fig. 3.4.4 Identification of putative NLS and NES sequences in Slug. Amino acid 
sequence of the N-terminal part of Slug (N) and the 5 zinc finger domains (ZNF1-5).  
A region specific to Slug that is absent from other SNAI family members is in bold. 
Two putative NLSs (NLS1 and NLS2) are highlighted in blue, a putative NES in red, 
with predicted critical amino acids in bold. Cys 188 and Cys 191, mutated to Ala in 
some constructs to destroy the structure of ZNF3, and Trp 199 mutated to Ala as a 
control, are boxed. 
 
 
3.4.5 NLS1, NLS2 and NES are functional transport signals. 
To establish whether the signals identified in silico are functional, a series of HA-tagged 
Slug constructs were generated in which the two putative NLSs were mutated, either 
individually or in combination with each other, by substituting the lysines and arginines, 
with alanines. To exclude the contribution of nuclear retention mediated by the zinc 
fingers, the NLSs were also mutated in constructs lacking DNA binding capacity due to 
the substitution of the cysteine residues, critical for the structure of zinc fingers 3-5 (Fig. 
3.4.5a A and C), to alanines. Following expression in MDCK cells, the subcellular 
distribution of the different proteins was scored as outlined above (Fig. 3.4.5 B and D).  
  
Mutation of NLS1 had a minor effect on the predominantly nuclear localization of Slug 
(Fig. 3.4.5a A and B), likely reflecting the presence of a second putative NLS (NLS2) 
and the nuclear retention mediated by the zinc fingers. Mutation of zinc fingers 3-5 
(construct 34) had no dramatic effect on Slug (construct 8) distribution (Fig 3.4.5a A and 
B), likely due to the activity of NLS1 and NLS2. However, mutation of both NLS1 and 
zinc fingers 3-5 (construct 35) led to a significant shift to a more cytosolic distribution 
(Fig. 3.4.5a A and B), unmasking the activity of NLS1. 
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The second putative NLS, NLS2, is located within the first zinc finger. Although the 
experiments described above (i.e. constructs 33 and 35) are consistent with its function as 
a NLS, this role was confirmed in the context of a Slug truncation encoding the zinc 
fingers alone (construct 2) (Fig. 3.4.5a C). Mutation of zinc fingers 3-5 (construct 39) to 
abolish DNA binding resulted in a more diffused localization, with concomitant mutation 
of NLS2 leading to a further decrease in nuclear localization to a more predominant 
cytosolic distribution (Fig. 3.4.5a C and D). Thus, zinc finger 1 does not play a role in 





































































































































Fig. 3.4.5a Functional characterization of NLS1 and NLS2 in Slug. A, C and E. 
Schematic representation of Slug mutants carrying the indicated truncations and deletions. 
Mutants are numbered (2, 8, 29, 33-35, 39 and 40) for easy reference in the text. The 
locations of putative NLSs and a NES are schematically indicated with black and blue 
triangles, respectively. Mutations predicted to affect the structure of zinc finger domains or 
NLS or NES function are schematically represented with a X. B, D and F. Functional activity 
of NLS1, NLS2 and NES. MDCK cells expressing the indicated Slug constructs were 
analyzed by immunofluorescence microscopy using antibodies to HA. The subcellular 
distribution of Slug in at least 100 random HA-positive cells was scored as predominantly 
nuclear or cytosolic, or diffused, according to Fig. 3.4.3a. The results of 3 independent 
experiments are plotted.  
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Functional validation of the two NLS obtained by scoring the subcellular distribution of 
Slug constructs observed by immunofluorescence microscopy, was confirmed 
biochemically for critical constructs (Fig. 3.4.5b B). Subcellular fractions from cells 
expressing the different constructs were analyzed by Western blot (Fig. 3.4.5b A) and 
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Fig 3.4.5b Biochemical confirmation of the subcellular distribution of selected Slug 
mutants and the functional activity of the NLSs. A) MDCK cells expressing the indicated 
HA-Slug constructs (e.g. 8, 29, 34, 35, 33, 2 and 40) were fractionated and the amount of the 
Slug mutant protein present in the nuclear (N) as compared to the nuclear+cytosolic (T) 
fraction (see Materials and Methods) determined by Western blot analysis using antibodies to 
HA. B) The density of the HA-Slug bands was determined by densitometric analysis and the 
numbers used to calculate the fraction from the total cellular Slug mutant protein present in 
the nucleus. Results of a representative experiment are shown. Slug mutants are 
schematically represented, with the locations of putative NLSs and a NES indicated with 
black and blue triangles, respectively, and mutations predicted to affect the structure of zinc 
finger domains or NLS or NES function represented with an X in the respective ZNF box. 
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To establish the functionality of the putative NES, constructs with most, if not all, of the 
nuclear localization and retention elements mutated were used to transfect MDCK cells. 
These constructs included 33 and 35. Both gave a predominantly cytosolic staining in the 
transfected cells. This was followed by their treatment in the absence or presence of 
leptomycin B, which would block nuclear export mediated by Crm1, also known as 
exportin-1. Analysis of the subcellular fractionation by Western analysis confirmed the 
NES functional activity (Fig. 3.4.5c), as shown by the increased accumulation of both 
protein constructs in the nucleus of transfected cells following leptomycin B treatment. 
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Fig 3.4.5c Biochemical confirmation of the functional activity of the NES and effect of 
leptomycin B. A) Control MDCK cells or cells treated with leptomycin B (LMB) and 
expressing HA-Slug constructs 33 or 35 were fractionated and the amount of the Slug mutant 
protein present in the nuclear (N) as compared to the nuclear+cytosolic (T) fraction (see 
Materials and Methods) determined by Western blot analysis using antibodies to HA. B) The 
density of the HA-Slug bands was determined by densitometric analysis and the numbers 
used to calculate the fraction from the total cellular Slug mutant protein present in the 
nucleus. Results of a representative experiment are shown. Slug mutants are schematically 
represented, with the locations of putative NLSs and a NES indicated with black and blue 
triangles, respectively, and mutations predicted to affect the structure of zinc finger domains 










3.4.6 Slug binds several importins 
Nuclear transport of proteins involves binding to importins, which facilitate translocation 
across the nuclear pore. To determine if a specific importin plays a role in nuclear 
translocation of Slug, I have analyzed the binding of different GST-importins to either intact 
Slug fused to MBP (MBP-Slug) or a MBP fusion containing only the zinc finger domains 
(MBP-ZNF). MBP-ZNF thus only carried NLS2 in zinc finger 1. As shown in Fig. 3.4.6, 
several importins, in particular β1, α3, α4, α6 and α7 bound to both Slug and ZNF. More α3, 
α4 and α6 bound to Slug as compared to ZNF, indicating preferential binding of these 
importins to NLS1. On the other hand, binding of β1 and α7 was enhanced for ZNF, 
suggesting that these two importins preferentially bind NLS2 and that binding to NLS2 may 
be restricted in full length Slug. 



























































































































Fig. 3.4.6 Slug associates with several importins. Immobilized GST-importin β1, 
α1, α3, α4, α5, α6 or α7 fusion proteins were incubated with MBP-Slug or MBP-ZNF. 
Bound proteins were analyzed by SDS-PAGE and Western blotting using antibodies 
to MBP to detect bound Slug (A), or with antibodies to GST (B) to monitor that 
similar amounts of importin fusion proteins were used in the different pull-down 
experiments. Note that GST-importin β1 and α7 bind efficiently to MBP-ZNF, which 
only contains NLS2, and that binding of GST-importin α3, α4 and α6 is enhanced for 





3.4.7 The subcellular distribution of Slug can be modulated by its interaction with ZO-2 
As described above, Slug and the tight junction adaptor ZO-2 interact. This association 
occurs between the ZNF domains of Slug and a C-terminal region comprising amino acids 
495-1444 of ZO-2, and is abolished by substituting Trp199 in Slug to Ala (W199A). Since 
ZO-2 can localize either to the plasma membrane or the nucleus, we coupled the N-terminus 
of ZO-2 to known membrane or nuclear targeting signals (Fig. 3.4.7a), to test if these 
constructs could influence the subcellular localization of Slug. 
 
The ZO-2 constructs targeted to membranes were co-transfected with different Slug mutant 
into MDCK cells. As shown in Fig. 3.4.7b, all Slug constructs harboring zinc finger domain 
3, which carries W199 important for binding to ZO-2, accumulated together with the ZO-2 
fragment in uncharacterized membranous structures in the cytoplasm. This co-localization 
with the ZO-2 fragment was abolished for constructs that either lack zinc finger 3 or carry the 
W199A mutation.  
 
Fig. 3.4.7a Membrane and nuclear targeting ZO-2 3PSGAP. MDCK cells 
transfected with either a membrane localizing Flag tagged ZO2-3PSGAP or a nuclear 
localizing Flag tagged ZO2-3PSGAP. 
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Fig. 3.4.7b Delocalization of Slug and its truncated forms by membrane 
targeting ZO-2 3PSGAP. Membrane targeting ZO2-3PSGAP can delocalize full 
length Slug and various truncated Slug that retained zinc finger 3 to structures in the 
cytosol (A-C). This was not seen with constructs without or with a W199A mutated 
zinc finger 3 (D-F). Only representative images were shown for the various 






3.4.8 Nuclear targeting ZO-2 3PSGAP increased the amount of GFP-Slug in the 
nucleus   
 
A ZO-2 truncation mutant containing the GUK domain important for the interaction with 
Slug was generated and fused to a nuclear localization signal (Nu-ZO2 3PSGAP). In contrast 
to wt ZO-2, which displays different subcellular localizations depending on experimental 
conditions, this nuclear targeting truncated ZO-2 is expected to simulate the enhanced 
nuclear accumulation of ZO-2 observed in sparse cultures and during wound healing. Cells 
stably expressing GFP, GFP-Slug or GFP-Slug W199A were transfected with this vector 
containing Nu-ZO2 SPSGAP.  
 
As shown in Fig. 3.4.8a, expression of Nu-ZO2 3PSGAP resulted in a significant 
increase in the nuclear staining of GFP-Slug when visualized by live cell imaging. This 
reflected the enhanced retention of Slug in the nucleus through its binding to the ZO-2 
construct. Consistent with this interpretation, a stronger nuclear GFP-Slug staining was 
not observed in cells that did not express the nuclear ZO-2 fragment or in cells expressing 
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Fig. 3.4.8a Nuclear targeting of ZO-2 3PSGAP increases nuclear levels of 
GFP-Slug but has no effect on GFP-W199A. MDCK cells stably expressing 
GFP (A), GFP-Slug (B) or GFP-W199A (C) were transfected or not with a vector 
containing Nu-ZO-2 3PSGAP. Expression of the GFP-tagged proteins was 
visualized by live immunofluorescence microscopy using Nikon Eclipse TE2000S 
inverted microscope. Bright field images are provided to show the presence of 
cells where no fluorescence signals was observed (bar, 10μm).  
 
Statistical significance of the correlation between expression of nuclear ZO-2 fragment 
and enhanced nuclear GFP-Slug staining was confirmed by examining the images of cells 
taken following their fixation (Fig 3.4.8b). There was a correlation between the nuclear 
expression of Nu-ZO2 3PSGAP and an enhanced nuclear GFP signal intensity for cells 
expressing GFP-Slug (Fig. 3.4.8c). These data suggest that binding of GFP-Slug to Nu-








Fig. 3.4.8b Nuclear targeting of ZO-2 3PSGAP increases nuclear levels of 
GFP-Slug but has no effect on GFP-W199A. MDCK cells stably expressing 
GFP Slug (A) or GFP-Slug W199A (B) were transfected with a vector containing 
Flag tagged Nu-ZO-2 3PSGAP. Expression of the GFP-tagged proteins (green) 
and Flag tagged Nu-ZO-2 3PSGAP (red) was visualized by fluorescence 




















Table 3.4.8c Statistical analysis showed a positive relationship between the 
enhanced staining of GFP-Slug in the nucleus and the entry of Nu Flag ZO-2 
3PSGAP into the nucleus. Null hypothesis is GFP-Slug enhanced staining in the 






Chi square statistical=125.4376  
Degree of freedom = (no. of row-1) (no. of column-1) =1  
Chi square critical = 3.84 (with alpha of 0.05)  
Chi square statistical >> Chi square critical  
Data presents a statistically significant relationship between the variables in the table, 
hence reject null hypothesis. Alternative hypothesis is GFP-Slug enhanced staining in 
the nucleus is dependent on Nu Flag ZO-2 3PSGAP which binds to and retains GFP-
Slug in the nucleus hence protecting it from proteasomal degradation. 
 
The above results were reconfirmed biochemically. Cells stably expressing GFP-Slug or  
GFP-Slug W199A and transfected or not, with a vector carrying Flag tagged Nu-ZO-2 
3PSGAP, were lysed and the presence of GFP-Slug or GFP-Slug W199A in the nuclear 
and cytosol fraction analyzed by Western blot. As shown in Fig. 3.4.8d (A), the 
expression of Nu-ZO-2 3PSGAP led to a dramatic increase in GFP-Slug protein levels, 
both in the cytosol and in the nuclear fractions. In contrast, no effect was observed on the 
levels of GFP-Slug W199A or, as a control, GFP. Nu-ZO-2 3PSGAP expression did not 
affect GFP-Slug mRNA levels as assessed by RT-PCR (Fig 3.4.8d (B)), ruling out an 
effect on transcription. Taken together, these data are consistent with a stabilizing effect 




    
 
Fig. 3.4.8d Nuclear targeted ZO-2 3PSGAP increases GFP-Slug proteins levels in 
both the nuclear and cytosolic fractions. A) Cells stably expressing GFP-Slug, GFP 
Slug W199A or GFP were transfected or not with a vector carrying Flag tagged Nu-
ZO-2 3PSGAP. Cells were then lysed and cytosol and nuclear fractions analyzed by 
Western blot using antibodies to GFP. Expression of Nu Flag-ZO2 3PSGAP caused 
an increase in the nuclear and cytosolic protein levels for GFP-Slug but not GFP-Slug 
W199A. Equal loading was monitored by probing for α-tubulin or lamin B1 in the 
cytosolic or nuclear fractions, respectively.  Anti-Flag antibodies were used to detect 
the presence of the transfected Nu Flag-ZO2 3PSGAP. B) RT-PCR analysis. Total 
RNA extracted from Nu Flag-ZO2 3PSGAP transfected and non-tranfected MDCK 
cells stably expressing GFP-Slug was amplified using specific primers for Slug and, 










3.5 Subcellular localization of endogenous ZO-2 and Slug in MDCK cells  
3.5.1 Effect of cell density on subcellular localization of endogenous ZO-2 and Slug  
ZO-2 is present in the nuclei and the cell borders of sub-confluent MDCK cells, but less 
so in the nucleus as the confluency of cell monolayer increases [60] (Fig. 3.5.1a). 
 
 
Fig. 3.5.1a ZO-2 staining of MDCK cells at different confluency. Prominent in 
nuclear and discontinued cell border staining of ZO-2 was seen in sparsely seeded 
cells. While a more cytosolic and stronger and continuous border staining was 
seen in cells reaching confluency. Note the lack of nuclear staining and the 
predominant cell border labeling in the confluent cells (bar, 10μm). 
 
Endogenous Slug was prominently detected in the nucleus and was only faintly visible at 
the cell borders of sub-confluent cells (Fig. 3.5.1b). Staining of the cell border was 
variable, suggesting that it may depend on particular experimental conditions or that it 
represented only a small fraction of Slug (Fig. 3.5.1b). 
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Fig. 3.5.1b Slug staining in sparsely seeded MDCK cells forming a cell island. 
Nuclear staining of endogenous Slug was clearly visible and was accompanied by 
weaker border staining (bar, 10μm).  
 
As the confluency of MDCK cell cultures increased, the cells became more compact and 
the earlier nuclear staining for endogenous Slug gave way to a more prominent cytosolic 
and cell border labeling (Fig. 3.5.1c).  
 
Fig. 3.5.1c Slug staining in MDCK cell cultures at different confluency. As the 
confluency of the cell cultures increased, the prominently nuclear staining for 
endogenous Slug gave way to a more prominent cytosolic and cell border staining 
(bar, 10μm).  
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Endogenous Slug was found to co-localize with RNA splicing factors SC-35 in the 
nucleus of MDCK cells (Fig. 3.5.1d). Interestingly, nuclear ZO-2 had also been reported 




Fig. 3.5.1d Slug and SC-35 staining in MDCK cells. Endogenous Slug (green) 
was found to co-localize with splicing factor SC-35 (red) in yellow speckles of 
the merged image. A faint but still visible border staining of endogenous Slug was 
also seen, but this was absent for SC-35 which was strictly nuclear (bar, 10μm). 
 
Both endogenous Slug and ZO-2 can co-localize in the nucleus and faintly at the cell 




Fig. 3.5.1e Co-localization of endogenous ZO-2 and Slug in MDCK cell 
islands. Endogenous ZO-2 (red) and Slug (green) was found to co-localize in the 
nucleus and faintly at the cell border of sparsely seeded MDCK cells as shown by 
the yellow fluorescence in the merged image (bar, 10μm). 
 
 
3.5.2 Effect of wounding on subcellular localization of endogenous ZO-2 and Slug 
In addition to the sparsely grown MDCK cells and those undergoing cell division, a strong 
nuclear staining of endogenous ZO-2 was also clearly visible in MDCK cells situated at the 
edge of a physically inflicted wound as shown in figure 3.5.2a. However, further away from 
the wounding site, the nuclear localization of ZO-2 diminished to be replaced by a diffused 
cytosolic and cell border staining. 
 
Likewise, endogenous Slug was also expressed in the nucleus of MDCK cells situated at the 
edge of the wound and co-localized with nuclear ZO-2 as shown in figure 3.5.2a and figure 
3.5.2b. However, away from the wound edge, this nuclear staining of Slug was lost and was 







Fig. 3.5.2a Endogenous ZO-2 and Slug staining at the edge of a wounded cell 
monolayer. Prominent nuclear staining of endogenous ZO-2 (red) and Slug (green) is 
seen in cells facing the edge of a wound (dotted white line, panels E and F)  inflicted 
by a pipette tip in a monolayer of MDCK cells. Farther away from the wound, the 
nuclear staining for ZO-2 and Slug was less prominent, with the proteins showing a 
more cytosolic localization (panels C and D). Where the cells remained highly 
confluent and were apparently not affected by the wounding, ZO-2 and Slug were 
absent from the nucleus and showed a more predominant localization to the cytosol 
and cell borders (panels A and B) (bar, 50μm).  
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ZO2 Slug DAPI Merged




Fig. 3.5.2b Higher magnified area of the wound edge and intact monolayer. 
The upper panels show a higher magnification of the intact monolayer away from 
the wound, where ZO-2 and Slug a more prominent localization to cell borders. 
The lower panels showed a higher magnification of the wound edge, showing the 
co-localization of Slug and ZO-2 in the nucleus. Border staining was 
discontinuous for ZO-2 and not detectable for Slug (bars, 15μm). 
 
 
Western blot analysis was carried out to determine the expression and distribution of 
endogenous Slug in MDCK cell monolayers after wounding to induce EMT. An increase 
in endogenous Slug protein levels, in particular an accumulated in a nuclear fraction, was 































































Fig. 3.5.2c Wounding of MDCK cell monolayer leads to accumulation of 
endogenous Slug. MDCK cells monolayers were wounded by scratching using a 
pipette tip. Nuclear and cytosolic fractions were prepared in equal amounts of 
proteins for each fraction analyzed by SDS-PAGE and Western blotting using an 
antibody to Slug. Lamin B1 and α-tubulin were used as markers and loading controls 
for the nuclear and cytosolic fraction, respectively. 
 
 
3.6 Role of Slug in cell proliferation 
3.6.1 GFP-Slug stable transfectants form large cysts without a lumen in 3D matrigel 
Following the assessment of the various stable lines growing on 2D cell culture dishes, they 
were subsequently grown in 3D to further characterize their behavior. In agreement with the 
earlier results, the GFP-Slug stable cells were found to form cysts, after 7 days of growth in 
3D matrigels, which were larger than cysts formed by control MDCK cells or cell lines stably 
expressing GFP or GFP-W199A. 
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Fig. 3.6.1a Grow of GFP-Slug in 3D matrigel formed larger cysts. MDCK (A), 
GFP (B), GFP-Slug (C) and GFP-W199A (D) stable transfectants were grown in 3D 
matrigel for a week and their bright field images taken. Size of the cysts formed by 
GFP-Slug was found to be larger compared to cysts formed by the other three stable 
transfectants. 
 
Upon measuring their diameter to compute their volume, the 7 day old cysts of MDCK GFP-
Slug cells had a ~ 3 fold larger volume compared to the cysts formed by the other three cell 





Figure 3.6.1b A three fold surged in volume for cysts of GFP-Slug compared to 
the controls. Four independent measurement of the cysts of formed by the various 
stable lines were carried out represented by individual bars of the same shading. Each 
bar represented the average volume calculated from 100 cysts. While the volume of 
cysts formed by MDCK, GFP and GFP-W199A stable transfectants were comparable 
that of GFP-Slug was significantly larger. 
 
Another distinguishable feature of cysts formed by cells stably expressing GFP-Slug was the 
apparent lack of a central lumen. This feature was observed under bright field microscopy as 
an opaque cell mass in the center of the cysts. In contrast, the cysts formed by the other three 
cell lines showed a translucent center, indicative of lumen formation. One hundred cysts for 
each stable cell line were counted and scored based on the presence or absence of a lumen, as 
shown in figure 3.6.1c. Close to 80% of all cysts formed by GFP-Slug showed the absence of 
a lumen. In contrast at least 70% of the cysts formed by the other three stable lines showed 



























Fig. 3.6.1c GFP-Slug formed cysts without a lumen. 100 cysts were counted for 
each of the stable lines grown for 9 days in 3D matrigel. They were grouped 
according to 1) presence of one or more lumen or 2) absence of lumen. While 
majority of the MDCK, GFP and GFP-W199A cells form cysts with one or more 
lumen, majority of the cysts formed by GFP-Slug cells did not have a lumen.  
 
Higher magnification bright field and immunofluorescence images of 17 day old cysts 
formed by the various cell lines were taken and are shown in figure 3.8.2d. Cysts formed by 
GFP-Slug expressing cells were significantly larger and had a cell filled opaque center, while 
the cysts formed by the other cell lines showed the usual translucent center indicative of 
lumen formation. Cysts formed by GFP-W199A cells had a similar appearance to those 
formed by the MDCK GFP control cells.  
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Fig. 3.6.1d Cells stably expressing GFP-Slug formed cysts that are larger and 
devoid of a central lumen. 17 day old cysts formed by the various cell lines were 
photographed by both bright field and immunofluorescence microscopy. Note the 
larger cysts formed by GFP-Slug cells with an opaque, cell filled center. In contrast, 










3.6.2 GFP-Slug expressing cells have an increased rate of proliferation  
The various stable lines were grown on 2D tissue culture plates and synchronized by serum 
starvation prior to the determination of their proliferation rate using a WST-1 based cell 
proliferation assay. WST-1 is a slightly red tetrazolium salt that can be cleaved by 
mitochondrial dehydrogenases to give a dark red formazan dye. As the amount of formazan 
dye formed is proportional to the amount of mitochondrial dehydrogenases and in turn 
correlates to the number of active cells in the culture, WST-1 can be used to quantify cell 
proliferation, growth and viability. As shown in figure 3.6.2, the absorbance reading of GFP-
Slug expressing cells was the highest at all the time points measured, while the absorbance 
for both GFP and GFP-W199A expressing cells were similar and the lowest.  
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Fig. 3.6.2 GFP-Slug stable transfectants have an increased rate of proliferation. 
0.5x104 cells of GFP, GFP-Slug and GFP-W199A MDCK stable transfectants were 
seeded onto a 96 well plate in quadruplets and subjected to the WST-1 based cell 
proliferation assay. The absorbance reading was measured by an ELISA microplate 
reader at 450nm at various time intervals (0.5, 1, 2 and 4hrs) following the addition 
of 100μl of WST-1 into each well. 
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3.6.3 Knock down of ZO-2 stimulates the proliferation rate of MDCK GFP-Slug cells  
As Slug increased the proliferation rate of MDCK GFP-Slug cells and ZO-2 interacts 
with Slug, I assessed the effect of knocking down ZO-2 on the proliferation rate of 
MDCK GFP-Slug cells. GFP and GFP-W199A were used as controls for the knock down 
experiment. Figure 3.6.3a shows the effectiveness of the knock down as analyzed by 
Western blot and immunofluorescence microscopy. 









Fig. 3.6.3a Knock down of endogenous ZO-2. MDCK cells were transfected with 
siRNA specific against ZO-2 or a non-targeting control siRNA. The transfected were 
grown for 3 days before they were processed for Western analysis and 
immunofluorescence microscopy. 
 
Cell lines stably expressing GFP, GFP-Slug and GFP-W199A were subjected to siRNA 
against ZO-2 or a non-targeting siRNA as a control (fig 3.6.3b). Their rate of proliferation 
was then assessed via the WST-1 based assay. Note that in contrast to the experiment shown 
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in figure 3.6.2, cells were not synchronized prior to carrying out the WST-1 assay, resulting 
in the lower absorbance reading. As shown in figure 3.6.3b, knocking down of ZO-2 lead 
to a further increase in the proliferation rate for the GFP-Slug expressing cells. In 
contrast, proliferation of the GFP and GFP-W199A expressing cells was not significantly 
affected and remained below that of the GFP-Slug expressing cells treated with the 
control siRNA.  






































Fig. 3.6.3b Knock down of ZO-2 stimulates the proliferation rate of MDCK 
GFP-Slug cells. Cell lines stably expressing the indicated proteins were transfected 
with a ZO-2 specific siRNA (si ZO2) or a non-targeting control siRNA (ctrl) prior to 
measuring proliferation in the WST-1 based proliferation assay. 
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3.6.4 Cyclin D1 is up regulated at both the mRNA and protein level in Slug expressing 
cells 
To uncover the mechanism behind this increase in proliferation rate, the expression levels of 
Cyclin D1, an important regulator of cell cycle progression [149], was analyzed in MDCK 
GFP-Slug cells. Indeed, Cyclin D1 expression was found to be up-regulated at the mRNA 
level in cell lines exogenously expressing Slug as shown for MDCK cells stably expressing 






















































































Fig. 3.6.4a RT-PCR reveals an increase in CCND1 expression levels following the 
over-expression of Slug. Total RNA from MDCK cells stably expressing GFP and GFP-
Slug and MCF7 cells transiently transfected empty vector and an HA-Slug plasmid was 
isolated for RT-PCR analysis using specific primers for CCND1, Slug and GAPD. 
CCND1 expression levels were increased in MDCK GFP-Slug and MCF7 HA-Slug cells.  
 
 127 
Likewise, an up regulation at the protein level was seen in SW837 and COS1 cells transiently 




























































































































































Fig. 3.6.4b Western analysis showed an increase in Cyclin D1 level in Slug cDNA 
transfected SW837 and COS1 cells and in MDCK cells stably expressing GFP-
Slug. A) SW837 and COS1 were transfected with HA-Slug cDNA and the Cyclin D1 
expression levels were checked by Western blot. B) In the case of MDCK GFP-Slug 
cells, nuclear and cytosolic fractions were extracted and the Cyclin D1 levels checked 
with the appropriate antibodies. Note the increased level of Cyclin D1 in the nuclear 












CHAPTER 4       
DISCUSSION 
 
The PDZ domains and the proline rich tail of ZO-2 have been extensively worked on 
[6, 11, 62, 63, 76], and numerous interacting partners have been uncovered in the process. 
The central region of ZO-2 consisting of the SH3, GUK and ACIDIC domain was, however, 
largely overlooked. This central ZO-2 SGA domain was the focus of this research and it was 
used as bait in a yeast two-hybrid screen for potential interacting partners. 
 
One protein isolated from the screen was SNAI2/Slug, a C2H2 zinc finger 
transcription factor belonging to the Snail superfamily. An interaction between ZO-2 and 
Slug seemed at first improbable due to their physical separation as a tight junction associated 
(ZO-2) and nuclear (Slug) protein. However, increasing evidence has pointed to the existence 
of ZOs in two separate pools in cells – an adhesion junction-linked pool and a cytosolic pool 
capable of entry into the nucleus [48, 60], by analogy to β-catenin. ZO-1, for instance, was 
found to be in the nucleus prior to the maturation of cell-cell contact and during cell 
remodeling [38]. Subsequently, ZO-2 was localized to the nucleus of epithelial cells under 
similar circumstances [48]. Subcellular localization of ZO-2 is sensitive to the state of cell-
cell contacts and concentrates at the TJs in confluent cells but becomes enriched in the 
nucleus of sparse cell cultures [48]. This ability to shuttle between nucleus and TJs is 
supported by the discovery of functional NLS and NES signals within ZO-2 [11, 48, 58]. 
Furthermore, ZO-2 associates with numerous proteins that either bind nucleic acids and/or 
localize to the nucleus, including lamin B1, SAF-B, SC-35, Jun, Fos and C/EBP [48, 49, 53, 




Comparison of ZO-2 and β-catenin reveals many similarities. Both are present in 
separate cytosolic and nuclear pools in the cell, both bind α-catenin [11, 150], and they 
link transmembrane cell-cell adhesion molecules (E-cadherin in the case of β-catenin and 
Occludin and Claudin in the case of ZOs) to the underlying actin cytoskeleton [6, 11, 32, 
34, 63, 151, 152]. In the nuclear pool, both proteins form complexes with transcription 
factors such as TCF/LEF for β-catenin and Jun/Fos in the case of ZO-2 [49, 153].  
 
Following the identification of Slug as a potential ZO-2 interacting partner, their 
interaction was verified using IP, IF and GST-fusion protein binding assays. Slug was found 
to interact with the GA region of ZO-2, with Slug binding efficiently to the GUK domain and 
only to a minor extent to the ACIDIC domain. Interestingly, the corresponding GA domains 
of ZO-1 and ZO-3 showed either no or only a weak binding to Slug, respectively. Hence, in 
addition to  redundant functions such as the ability to polymerize claudins into TJs [63], these 
ZO proteins may also mediate specific functions. This notion is corroborated by the ability of 
ZO-1 to associate with ZO-3 but not with ZO-2 [32], the ability of ZO-2, but not ZO-1, to 
down regulate genes with AP-1 binding sites [49] and the early embryonic lethality of mice 
lacking ZO-1and ZO-2, but not ZO-3 [87]. 
 
For Slug, the interaction with ZO-2 was shown to be through the zinc finger 
containing C-terminal region, in particular the third zinc finger. Mapping of the crucial amino 
acids involved in binding to ZO-2 GUK was aided by molecular dynamics simulations using 
the known crystal structures of closely related proteins such as the zinc finger protein Zif268 
[154] and the GUK containing PSD95 [25] as templates for the zinc finger 3 of Slug and the 
GUK of ZO-2.  The in silico modeling suggested that a Trp in zinc finger 3 (W199) may 
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dock a region between helix 8 (N848 D849 F852) and helix 2 (I726 A727) of the GUK 
domain of ZO-2. The critical role of W199 was confirmed by mutating this residue, which 
completely abolished the interaction of Slug with ZO-2. In fact, zinc finger 3 by itself was 
sufficient to mediate binding to ZO-2 and this was independent on an intact zinc finger 
structure.   
 
Interestingly, the role of aromatic rings in amino acids such as tryptophan in 
mediating interaction with GUK domain is not unprecedented. A tryptophan at position 386 
in the I–II loop of HVA (high-voltage activated) α1 subunits is critical for the interaction 
with the GUK domain of the Ca
2+
 channel β subunit [147]. Furthermore, the MAGUK 
protein guanylate kinase interacts via its GUK domain with the adenosine ring of ADP.  
 
Alignment of the amino acid sequences for Snail, Slug, Scratch and Smuc shows  that 
the W199 in Slug ZNF3 is conserved in the other members of the Snail superfamily (figure 
4.4.), suggesting that other Snail protein family members could also bind to ZO-2. Indeed, I 
have obtained experimental evidence that Snail can also associate with ZO-2. Whether this 
interaction occurs in the cellular context and whether the other Snail protein family members 






















Fig. 4.4 Alignment of the zinc finger domains of various Snail family members. 
The zinc finger domains of mouse Smuc, Scratch, Snail and Slug were aligned by 
Clustal V method (DNASTAR Inc. MegAlign 5.08). The tryptophan (W199) amino 
acid residue in ZNF3 of Slug is conserved in the other members of the Snail 
superfamily as well. 
  
 
In silico modeling of the interaction between the Slug zinc finger 3 and the ZO-2 
GUK domain also provided possible explanations for the lack of binding of Slug to ZO-1 and 
its weak binding to ZO-3. The main difference between ZO-2 and ZO-1 or ZO-3 in the 
hydrophobic pocket in GUK domain where W199 binds is the substitution of the amino acid 
corresponding to F852 to a tyrosine (Y783 in ZO-1 and Y742 in ZO-3; see figure 4.5). The 
presence of an additional hydroxyl group on tyrosine as compared to phenylalanine may alter 
the spacing between helices 8 and 2, or interaction with E734 on helix 2, which is conserved 
in ZO-1 (E664), ZO-2 (E734) and ZO-3 (E627), and thereby affect the interaction of the 
tryptophan with the hydrophobic pocket. Future work will test this hypothesis experimentally 
by substituting Y783 of ZO-1 and Y742 of ZO-3 to a phenylalanine and testing whether this 
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Figure 4.5 Alignment of the GUK domains of the three ZO members. The above 
figure shows the alignment of the GUK domain of all the three ZOs. The aromatic 
side chain of W199 is buried in the hydrophobic pocket of ZO-2 formed by N848, 
D849, F852, I726 and A727. D849 can form a salt bridge with R197 of Slug. Note 
also the substitution of F852 (PHE) to Y783 (TYR) in ZO-1 Y742 in ZO-3 may 
affect the structure of the pocket such that the optimal interaction with Slug W199 is 
affected. 
 
Having mapped the regions for their interaction, I sought to study the relevance of the 
association of Slug with ZO-2 in the cellular context. MDCK cells are the best characterized 
system to study epithelial cell polarity that endogenously express ZO-2 [58, 62]. However, 
even though Slug expression was readily detected at the mRNA level in MDCK cells, Slug 
protein was difficult to detect either by immunofluorescence microscopy or Western blot. 
The low levels of Slug protein can be attributed to its rapid degradation, most likely 
involving GSK3β and the proteasome pathway since treatment with a GSK3β inhibitor (LiCl) 
and a proteasome inhibitor (MG132) stabilized endogenous Slug in MDCK cells. A similar 
regulatory mechanism was previously established for Snail [114]. In addition to endogenous 




Presumably, the stability of Slug can be is modulated by its subcellular localization 
since export to the cytoplasm is required for efficient degradation of Snail [114]. The 
subcellular distribution of Slug could be influenced either by nuclear import, nuclear export 
or nuclear retention. In addition to regulating gene transcription, which would take place in 
the nucleus, Snail family proteins have been linked to anti-apoptotic and cell-adhesion 
functions, which may be independent of their EMT promoting function [155]. These 
functions may be regulated by modulating the subcellular distribution and/or the stability of 
Snail family proteins, as recently shown for Snail [108, 114]. Phosphorylation by GSK3β 
induces nuclear export and subsequent proteasomal degradation of Snail, thus abolishing its 
transcriptional repressor function [114]. Phosphorylation of serine residues in the vicinity of 
the NES in Snail is thought to induce a conformational change allowing recognition of the 
NES [108]. In contrast, phosphorylation by p21 activated kinase at a different site favors 
nuclear localization of Snail, enhancing its transcriptional repressor activity [117]. Snail 
binds importin β, which is required for its nuclear localization [116]. I therefore set out to 
identify signals in Slug that important for nuclear import, nuclear export and nuclear 
retention.  
It is well established that zinc finger proteins bind DNA [156-159] and since the 
number of zinc fingers in members of the Snail family varies between 4 (SNAIL) and 5 (Slug 
and SMUC), it has been assumed that at least 4 zinc fingers are required for DNA binding 
[160-162]. Interestingly, out of the 5 zinc fingers in Slug, at least 3 were found to be required 
for binding to the E-box element of the E-cadherin promoter (E-pal), but only in particular 
combinations. Only the three zinc fingers 3, 4 and 5, as well as combinations of two zinc 
fingers from this group with either zinc finger 1 or 2 mediated E-pal DNA binding. This 
finding suggests a critical role for the C-terminal three zinc fingers in DNA binding. This 
notion is consistent with the finding that mutation of the two cysteine amino acids critical for 
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structural integrity of zinc finger 3 abolishes binding of Slug to the E-box element. A similar 
analysis for Snail and a comparison of E-pal binding affinities between the two Snail proteins 
may shed light onto why Slug is a much weaker repressor of E-cadherin transcription as 
compared to Snail [163]. 
  
 In contrast to Snail, little information has been available about the signals that 
regulate the subcellular distribution and stability of Slug. The NES found in Snail is not 
conserved in Slug, which encodes a distinct NES (66LHSPLPSGLSPL77). In addition, Slug 
carries two NLSs (NLS1, 8KKHFNASKK16 and NLS2, 158KHKQLHCDAQSRK170), as 
opposed to the single functional NLS found in Snail [112]. Similar to the NLS in Snail, NLS2 
in Slug is found within the zinc finger containing domain. However, the NLS in Snail is 
poorly defined and deletion of any of the four zinc finger domains was reported to affect 
nuclear localization of Snail [116]. In contrast, NLS2 in Slug is within the first zinc finger 
and its nuclear localization activity is independent from the nuclear retention mediated by the 
binding of the zinc fingers to DNA. The second NLS present in Slug is located within the N-
terminal SNAG domain. Based on mutational analysis, it was proposed that the SNAG 
domain of Gfi-1 also contains a NLS that acts in concert with a second NLS present in the 
zinc finger containing region of the protein [105]. Intriguingly, although Snail carries an N-
terminal sequence reminiscent of a NLS (8RKPSDPRRK16), no NLS activity could be 
detected for the N-terminus of Snail [112]. In addition to importin β1, which has been shown 
to bind Snail and is required for its nuclear localization [116], the NLSs in Slug also bind 
importins α3, α4, α6 and α7.  
 
 Predicted serine phosphorylation sites are located in the vicinity of NLS1 and NLS2, 
raising the possibility that similar to Snail, nuclear localization may be regulated by 
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phosphorylation and proteasomal degradation. Indeed, treatment of MDCK cells with 
GSK3β- or proteasome inhibitors results in increased levels of Slug protein. The precise 
GSK3β target site(s) remain to be identified. NLS1 is also downstream of a putative tyrosine 
phosphorylation site. 
 
 Hence, the elements in Slug involved in DNA binding and the regulation of nucleo-
cytoplasmic shuttling and stability of the protein were characterized with the similarities and 
differences compared to Snail. Future work will explore if and how these differences affect 
the roles of Snail and Slug in cellular processes such as EMT, apoptosis and proliferation. 
 
Interestingly, in the process of studying the subcellular localization of endogenous 
Slug and ZO-2, I observed that the two proteins co-localized in the nucleus under two cell 
culture conditions. First, in sparsely seeded MDCK cultures, endogenous Slug protein 
expression was up regulated and Slug co-localized with ZO-2 in the nucleus. Second, a 
similar phenomenon was observed in MDCK cells in proximity to a wounded cell monolayer. 
Nuclear localization of ZO-2 under these conditions as been previously reported and may 
play a role in regulating cell proliferation [48].  
 
Interestingly, while ZO-2 and Slug were present in the nucleus at the wound edge, 
further away from the wounding site the two proteins showed a more diffused cytosolic and 
border staining. This dual localization in wounding assays was observed for both endogenous 
and tagged over-expressed Slug.  
 
Since Slug was found to be a labile protein, the nuclear co-localization with ZO-2 
during wounding may have a stabilizing effect of ZO-2 on Slug. To test this hypothesis, 
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nuclear targeted ZO-2 construct containing the Slug interacting domain (e.g. Nu-ZO-2 
3PSGAP) was transfected into cells stably expressing GFP-Slug or GFP-W199A. While Nu-
ZO-2 3PSGAP expression resulted in an increase in the fluorescence intensity in GFP-Slug 
expressing cells, such an effect was not observed for GFP-W199A cells, presumably because 
the Slug mutant does not interact with the ZO-2 construct. These findings also explain why 
the cells stably expressing GFP-W199A generally exhibited a much weaker nuclear 
fluorescence as compared to cells expressing GFP-Slug. Indeed, expression of GFP-W199A 
was only readily detected if cells were treated with LiCl and MG132. 
 
Interestingly, in the presence of LiCl and MG132, cells expressing GFP-Slug showed 
a more fibroblastoid morphology as compared to the epithelial-like appearance of GFP-
W199A expressing cells. This suggests that Slug but not W199A is capable of inducing an 
EMT and implicates ZO-2 in a co-regulatory role for Slug function. MDCK cells expressing 
GFP-Slug were observed to form larger cysts when cultured in matrigel to from 3-
dimensional structures and this correlated with increased proliferation rates. Jin-Yuan Shih et 
al. reported that Slug promotes growth of tumors in SCID mice [164]. In addition, the cysts 
formed by MDCK GFP-Slug cells did not form a hollow lumen, a feature well established for 
MDCK cells and observed for GFP expressing control cells.  An apoptosis assay confirmed 
less apoptosis in cysts of GFP-Slug expressing cells as compared to control or cells 
expressing GFP-W199A. Hence, the larger size of cysts formed by MDCK GFP-Slug cells 
resulted from higher proliferative and lower apoptotic rates. Interestingly, silencing of ZO-2 




In agreement with the enhanced proliferation, Cyclin D1, a key regulator of the cell 
cycle, was up regulated in MDCK GFP-Slug cells as well as SW837 and COS1 cells 
over-expressing HA-Slug. This finding is consistent with results from a microarray study 
by Cano et al. [165], where Cyclin D1 was found to be up-regulated by 4.43 fold in 
MDCK cells expressing Slug as compared to controls. Interestingly, in MDCK 
expressing Snail, CCND1 expression was down regulated, suggesting that the two Snail 
family members may differentially regulate CCND1 expression. Over-expression of ZO-
2 in COS1 cells had an inhibitory effect on CCND1 expression, and its co-expression 
with Slug moderated the Slug induced increase. Thus, while Slug stimulated Cyclin D1 
expression, ZO-2 acted to antagonize it. Importantly, CCND1 levels in cells co-
transfected with plasmids for ZO-2 and W199A were similar to those in cells over-
expressing ZO-2 alone, suggesting that the interaction between Slug and ZO-2 is 
important for modulating Cyclin D1 expression levels. 
 
Recently, Gonzalez-Mariscal et al. [83] showed that ZO-2 transfection accelerates Cyclin D1 
turnover and promotes its degradation by the proteasome in synchronized cells. ZO-2 enters 
the nucleus at the late G1 phase and through a yet undefined mechanism was postulated to 
activate GSK-3β after G1/S. Active GSK-3β could then phosphorylate Cyclin D1 on Thr286, 
triggering its export into the cytoplasm and subsequent degradation by the proteasome. The 
same group had earlier shown that ZO-2 could also repress Cyclin D1 transcription in 
conjunction Myc and HDAC1 via E-boxes in the Cyclin D1 promoter [50]. Slug, on the other 
hand, was postulated to compete with bHLH (basic helix-loop-helix) transcription factors like 
Myc for common E-boxes. Hence, Slug may compete with Myc for the E-box of Cyclin D1 
to relieve the repression by Myc. Although Slug is found to repress many genes by recruiting 
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HDACs, it may also function as an activator of other genes. Alternatively, binding of Slug to 
ZO-2 may displace ZO-2 from the Myc-HDAC complex, thus relieving the repression on 
Cyclin D1.  
 
In summary, my work indicates that ZO-2 protects Slug from proteasomal degradation. 
During early stages of EMT, nuclear translocation of ZO-2 may sequester Slug into the 
nucleus, which would then trigger a full or partial EMT to enhance migratory properties of 
cells by down regulating epithelial markers. In addition, Slug may modulate the proliferative 
capacity of cells by counteracting the repressive effects of ZO-2 on Cyclin D1, thus driving 
the cells through the cell cycle.  
 
Future work will have to investigate how Slug counteracts the anti-proliferative effect of ZO-
2. In addition, the expression of genes affecting cell cycle and apoptosis, especially those 
harboring E-boxes in their promoters, like E-cadherin and Cyclin-D1, can be screened for 
their co-regulation by Slug and ZO-2. The effect of ZO-2 siRNA on cyst formation and 
apoptosis can also be tested with the various stable transfectants, to determine if ZO-2 has an 
agonistic or antagonistic effect on Slug with respect to proliferation and apoptosis. It will also 
be of interest to determine if cell polarity has been maintained in the cysts, as that will 
provide insights on whether polarity, proliferation and apoptosis are linked processes, or 
independent of each other. Of importance too is the independent role of Slug in EMT as well 
as in cell survival (anti-apoptotic activities), and where ZO-2 is positioned within these two 
processes. Another EMT-independent function of Slug is in adipogenesis (the formation of 
white adipose tissue) and it will be of interest to determine if ZO-2 has a role in this process. 
The phosphorylation state of ZO-2 and Slug will also have to be addressed to determine if 
phosphorylation of critical amino acids can influence the shuttling of ZO-2 from tight 
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junctions into the nucleus as well as the export of Slug out of the nucleus. The identification 
of the kinases and phosphatases involved in these processes and the up-stream signals will 
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